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Abstract
In the past decade, terahertz(THz) based optics and metamaterials
have been extensively researched to create components and devices
in the frequency range of 0.1 to 5 THz also known as ’THz gap’.
Metamaterials, in particular, have realized concepts such as nega-
tive refraction, slow light and superlensing through artificially en-
gineered media. The naturally available materials have very weak
interaction of terahertz light. Therefore, the design of THz meta-
materials to manipulate THz radiation is an important task towards
furthering the usage of terahertz light for practical applications. The
thesis involved the development of two lab facilities for fabrica-
tion and characterization. A state-of-the-art two photon lithogra-
phy(TPL) system was developed which enables us to manufacture
3D structures with sub-diffraction limit resolution(280nm at 800 nm
wavelength). The software was written to enable easy fabrication of
multiple structures with different algorithms. For characterizing our
metamaterial structures in the terahertz regime, a THz time-domain
spectroscopy(THz-TDS) and imaging system was built. This trans-
mission based spectrometer has a dynamic range of 50 dB at 0.5
THz and a bandwidth of about 2.5 THz. To demonstrate the appli-
cation of these home-built facilities, the metamaterials in the THz
regime were fabricated using TPL and UV lithography. To investi-
gate conductive coupling effects in meta-atoms, a new design was
proposed, fabricated and characterized. As an application of TPL,
free standing polymer helices were fabricated and coated with silver
electroless plating. These silver helical metamaterials have poten-
tial application as circular polarizers in the MIR and THz regimes.
The aspect ratio effects of these helical metamaterials were also
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the difficulty of getting powerful infrared sources and noise-less de-
tectors in the far-infrared region led to minimal development of the
THz band; hence, the term “THz Gap” was coined. 2
1.2 Terahertz sources get increasingly feeble with increasing frequency
and conversion efficiencies are less than 1 percent. Pf 2 = c line is
the power-frequency slope expected from mature RF devices. The
Pλ = c line is the expected slope for some commercial lasers. Fig-
ure adapted from [1] c⃝(2012) IEEE 3
1.3 Atmospheric Attenuation of frequencies in THz Band adapted from
Rosker and Wallace[2] 4
xiii
List of Figures
1.4 Photonic structures can be broadly classified into three different
classes based on their structure-size(a) and operating wavelength(λ).
Metamaterials in photonics are defined as sub-wavelength(a << λ)
structures akin to optical crystals. This category of photonic struc-
tures relies on effective medium approximation and the bulk charac-
teristics are adequately defined by a unit cell. The photonic crystals
and X-ray diffraction rely on wavelength sized structures(a ∼ λ)
governed by wave phenomena like diffraction and interference. The
commonplace lens systems and shadows are ruled by geometrical
optics(a >> λ). 7
1.5 Metamaterials in the ϵ vs µ chart 8
1.6 Gammadion : an example of a chiral structure 12
1.7 Thesis Outline 16
2.1 Simulation in CST (a) Typical metamaterial unit cell with metal
structure on a substrate (b) Mesh generated by CST within the struc-
ture (c) Periodic boundary conditions are used for simulating the
metamaterials. 21
2.2 Schematic showing a two-port network for scattering parameters 22
2.3 MIRA 900 in the OMAD lab 24
2.4 Schematic of femtosecond oscillator, MIRA-900 pumped by Verdi
V10. On the top-left corner is the cavity diagram for MIRA-900
provided by Coherent. 25
2.5 Characterization of femtosecond laser pulse from MIRA-900 26
2.6 Lithography Steps for achieving structures using gold electroplat-
ing. 30
2.7 Lithography Process Map for achieving structures using sputtering. 32
xiv
List of Figures
2.8 FTIR Spectroscopy facility at SSLS consists of Bruker 66v/s(a) with
Miracle accessory for smaller samples(b) for MIR and FIR mea-
surements. (c)The Bruker Hyperion 2000 microscope is shown that
was used for NIR and MIR investigations for very small samples(<
5mm2). 36
3.1 Difference between One-Photon Absorption (OPA) and Two-Photon
Absorption (TPA). In OPA, single photon of wavelength(λ) is ab-
sorbed and in TPA, two photons of 2λ are absorbed via a virtual
state. The photograph in the middle depicts the fluorescence ex-
cited by OPA and TPA. Note that TPA occurs only at the focus of
the laser beam whereas OPA occurs all through the path. The image
is adapted from a Newport Application Note. 40
3.2 Two photon lithography technique: Infrared femtosecond pulses
are tightly focused using a high numerical aperture(NA) oil immer-
sion objective into a photoresist spun on a glass substrate. The
laser’s focal spot creates radicals or acid which promote local poly-
merization. 46
3.3 Intensities(a,b) and quadratic intensities(c,d) at the focal spots of oil
immersion and dry objective lenses 47
3.4 Focal spot profiles for lateral and longitudinal dimensions for dry(red
dashes) and oil immersion(black solid) objective lenses. 48
3.5 Schematic of TPL Setup 49
xv
List of Figures
3.6 Photograph of the TPL setup(a) The Aerotech stages are placed on
a granite slab. The two-photon lithographic system is built around
the stages using modular optical components. Laser enters from
the right side through the periscope. (b)Close-up view of the TPL
system : The microscope objective is on the top and the sample rests
on a tip-tilt stage attached to the Aerotech stages 50
3.7 Acousto-optical modulator principle 51
3.8 LED Collimation 52
3.9 Confocal PD arrangement 52
3.10 Power Attenuator 53
3.11 Process Methodology: 1. Spin-coating of the resist and soft-bake;
2. Laser Writing(TPL); 3. Post Exposure Bake at 95 ◦C; 4. Devel-
opment, rinsing and drying. 54
3.12 Two photon excited fluorescence from SU8-2025 in our setup. Ex-
citation laser beam has 800 nm peak wavelength. 56
3.13 Motion Composer: Proprietary software provided by Aerotech for
stage control and AeroBasic program execution. 57
3.14 Front-end of PhotonSculptor: Custom designed software for two
photon lithography at OMAD Laboratory. 58
3.15 NPaq Control Diagram This diagram shows the relationships be-
tween the Aerotech NPAQ controller and other elements of the TPL
setup. NPAQ drives the XYZ stages and receives position feedback
from the encoder. It also reads the confocal photo-diode’s output
through analog input needed to calculate the z-position of the focal
spot. It controls the AOM using TTL signals from its analog output. 59
3.16 Structure behind Photon Sculptor software : The four different modes
are, namely, Exposure, FileMorph, Script Editor and Batch File Se-
quence serving different purposes. 60
xvi
List of Figures
3.17 FileMorph: A tool for converting BMP files into codes for making
the structures 61
3.18 Algorithms used in TPL: Raster algorithm has longer execution
time but result in a rigid structure. Vector algorithm has smaller
execution time but results in a weaker structure. 62
3.19 A tool for making the scripts for some of the basic structures. 63
3.20 (a)Laser power measured using Newport power meter(1830C) over
a period of 80 minutes.(b)Relative change(in percent) in the laser
power 64
3.21 Typical power calibration curve for TPL. Laser power was measured
using Newport power meter(1830C) at the objective focus and be-
fore the periscope. 65
3.22 Plane and tilted SEM images of Grids fabricated using TPL. The
scale bar is 1 µm for all except it is 10 µm for the bottom rightmost
image. 66
3.23 Plane and tilted view SEM images of rings fabricated using TPL.
The scale bar is 100 µm for the upper left image, 1 µm for the lower
left image, and 10 µm for the two images on the right. 67
3.24 Plane and tilted view SEM images of split rings fabricated using
TPL. The scale bar is (a) 1 µm; (b) 10 µm; (c) 10 µm; (d) 10 µm. 68
3.25 Helices fabricated using TPL having a radius of 5 µm and pitch of
15 µm written with a speed of 10 µm/s and input power of 100mW.




3.26 An example for BMP rastering process: BMP file with a dragon
head was written using a dry objective 60X in SU8 on a glass cover-
slip. (a)SEM image of the dragon head.The scale bar is 100 µm. (b)
Design superposed on the SEM image to show the accurate repro-
duction.(c)A close up view of the edges marked by the red rectangle
in (b). The scale bar is 10 µm. (d) Close-up view of the design for
the same region as (c). 69
3.27 Other examples of TPL (a)SEM image of a tiger(b)SEM image of
Hindu Om symbol.The scale bar is 100 µm. 70
3.28 Woodpile made by oil immersion lens. The scale bar is (a) 1 µm;
(b) 10 µm ; (c) 1 µm; (d) 1 µm. 71
3.29 Helices formed by Oil immersion Lens. The scale bar is 1 µm . 71
3.30 Problems in TPL: (a)Fringes on the sides walls of the tiger structure,
(b)Fringes seen on the lower part of helix written with dry lens; the
scale bar is 1 µm in both figures. (c)Shrinkage of SU-8 on top of
Om structure, (d)Shrinkage resulting in a slotted ring written using
dry lens TPL.The scale bar is 10 µm for both figures. 73
3.31 Scanning Problems leading to corrugated features and kinks seen in
a trapezoidal prism written using our setup. The scale bar is (a0 100
µm; (b) 10 µm; (c) 10 µm; (d) 1 µm. 73
3.32 Capillary forces during evaporation of solvent(isopropyl alcohol)
leads to collapse of the helix structures. The scale bar is 10 µm. 75
xviii
List of Figures
3.33 Poor focal plane alignment could lead to incorrect fabrication.(a)The
figure on the left is Olympics logo which could not be reproduced
due to uneven stage with respect to objective focal plane.(b)The fig-
ure on top-right is a woodpile structure whose layers were not too
close. (c)The third example is that of the helix array where the
focal plane of objective was miscalculated which led to laser writ-
ing within the substrate leaving behind only the top of the polymer
structures. 76
3.34 Mechanism behind Selective Electroless Silver Plating. Two-photon
polymerized SU-8 structures are treated with air plasma followed by
traditional silver electroless plating. Previously, the structures were
written using BMP Rastering technique making it difficult to make
large array of helices. The figure is adapted from [3]. 78
3.35 Helix structure with no coating, 25s coating and 50s coating. 79
3.36 Silver Coating on the edge of helix 79
4.1 (a)PC Emitter When the ultrashort pulse is incident on the pho-
toconductive dipole antenna, the antenna emits THz pulse due the
transient electric current(J(t)) generated on the surface of the semi-
conductor because of strong . (b)PC Detector When THz pulse falls
on the PC antenna, the slowly varying electric field of THz pulse
provides a weak dc bias to the electrodes. This electrical bias is
received by the optically generated electron hole pairs which move
according to bias and a current reading is recorded by an ammeter. 83
4.2 Simulation of a photoconductive antenna using the equations and
parameters in the text. Note the formation of THz electric field as
the electron population decays. 85
xix
List of Figures
4.3 Photo-Dember effect in a narrow band-gap semiconductor: (a)First,
the optical pulse generates the photo-carriers in a confined volume.
(b)Then, the highly mobile electrons diffuse faster than holes lim-
ited by air-surface barrier leading to formation of transient dipole
moment. This transient dipole moment causes THz emission. 88
4.4 Schematic depicting electro-optic sampling using an electro-optic
crystal like ZnTe. 89
4.5 Working principle of THz time-domain spectroscopy 92
4.6 Schematic of THz-TDS in OMAD lab 93
4.7 Photograph of THz-TDS setup inside the purge box 94
4.8 On the left panel, a typical THz pulse waveform measured by our
setup is displayed. The Fourier Transform of the temporal curve
yields the frequency spectrum displayed on the right panel. 94
4.9 Micrographs of photoconductive antennas purchased from Menlosys-
tems.(a)Overview of the antenna design (b)Close-up view of the
dipole structure of antenna (c) Close up view of a damaged antenna
after incidence of high optical power(> 10 mW). 96
4.10 Optical characterization curves for both the antennas showing sim-
ilar and linear photoconductive response for 29 V bias. 97
4.11 Photograph of the optical delay line: the hollow retro-reflector mounted
on a linear stage(ACT115DL). 97
4.12 Schematic showing the operation of a Lock-in amplifier which takes
two inputs modulated signal waveformESignal(t) and reference wave-
form Eref (t) and multiplies them using the phase sensitive detector.
Then, it applies a low-pass filter which removes all the high noise-
bearing frequencies to yield an rms DC voltage output. 99
4.13 Software for controlling the high voltage modulator(HVM-500) pro-
vided by ZOmega. 100
xx
List of Figures
4.14 PI C-843 XY stages mounted on a custom-designed L-shaped mount
used for XY positioning of samples used in THz-TDS setup. 101
4.15 A custom-designed purgebox for controlling the humidity of THz
experiments. 101
4.16 Screenshot of Labview program developed for THzTDS spectroscopy102
4.17 Acquisition algorithm used within TeraScan is illustrated in this fig-
ure with the help of a flow chart. 103
4.18 The transmittance of a sample is evaluated by acquiring the refer-
ence and sample spectra which are then processed later. 104
4.19 Etalon effect: When a terahertz pulse enters a thick slab with pol-
ished surfaces, internal reflections occur and are observed in the
output time-domain trace. 108
4.20 Effect of emitter bias voltage variation from 70 V to 50 V. 109
4.21 Change in THz amplitude due to change in the MIRA-900 laser
prism turns 110
4.22 Effect of point averaging on the data obtained from THz-TDS 111
4.23 Water absorption lines extracted from the signals taken before and
after nitrogen purging. 112
4.24 Time-domain trace of terahertz pulse through Silicon 114
4.25 Measured Refractive index of Silicon vs. Frequency by THz-TDS 114
4.26 Polarizer in THz-TDS setup follows the Malus Law and has very
good extinction ratio. 115
4.27 THz-TDS results for different angles of polarizer axis. 115
4.28 Working principle of the THz imaging 118
4.29 Accessory for THz Imaging: XY positioning stage is mounted on
a right angle L-plate on a manual positioning stage. The sample is




4.30 TeraImgur: Custom designed software for Terahertz Imaging using
LabVIEW. 120
4.31 Software Design Structure of TeraImgur 121
4.32 Different types of time-domain analyses for THz image reconstruc-
tion. 123
4.33 Fast Scan performed by TeraImgur to map the THz transmission
through a paper cardboard. 124
4.34 Time-domain data where the fixed delay was used 125
4.35 Time-domain analysis maps of the sample 125
4.36 Interpolated images of the time-domain analysis maps of the sam-
ple. 126
4.37 (a)THz Spectrum trace at a single pixel of the sample where three
chosen frequencies are highlighted.(b)Frequency-domain image at
0.24 THz (c)Frequency-domain image at 1.02 THz(d)Frequency-
domain image at 1.51 THz 127
5.1 Working Principle for EIT 131
5.2 Previous works on coupling are mentioned in the text here. 133
5.3 (a) SEM micograph of the gold structures on silicon at 30◦ tilt.
(b) SEM micrograph of a single such resonator. The metamate-
rial structure was simulated with the following design parameters:
a = 38 µm, d = a/2, c = 11 µm, w = 5 µm and h = 4.8 µm. The
periodicity of the resonators is 29 and 49 µm in the x and y direc-
tions.(c)The proposed structure could be visualized as a split ring
resonator and a dipolar ring. (d) FTIR transmission curves of the
proposed structure when excited by light polarized parallel to the
gap(red) and perpendicular to the gap(blue). 134
xxii
List of Figures
5.4 Left: transmittance; Right: Phase advance Spectra for different
bar positions highlighted by figures in insets. Experimental spec-
tra(solid) and the simulation results(dotted) for (a)c = 0(Long Dipole)
(b)c = 4 (c)c = 6 (d)c = 12 (e)c = 16 (f)c = 33(Long SRR) in microns. 138
5.5 (a-c) Electric Field Distributions(EAbs) at A,B and C. The plus and
minus signs indicate the phase of the electric field. (d-g) Surface
Current Distributions at spectral features A, C , B1 and B2. The
arrows indicate the direction of currents and the width of the arrows
represents the qualitative strength of the current. 140
5.6 Transmission amplitude of S-parameters on variation of parameter
c is plotted for two cases (a)Conductive coupling(SRR and ring are
connected); (b)Inductive coupling (SRR and ring are separated by
1µm). A representative structure is shown for both the cases. We
observe that crossover at c = 6 µm is forbidden in case(a) as against
case(b) where the resonances mix. 142
5.7 Wave incident on a metamaterial slab of thickness d. The different
complex transmission and reflection coefficients, S-parameters, are
illustrated. 144
5.8 Group index retrieval(red) from S-parameters assuming effective
medium approximation. At the transparency peak of 2.1 THz, the
group index is about 6.5. On the right axis, the phase advance(blue)
calculated from S-parameters is displayed with dispersion highlighted
by the shaded region about 2.1 THz. 146
5.9 Increasing/decreasing structure height causes blue shift in the reso-
nances: (a)The measured transmission spectra for the structure with
c= 12 µm for different structure height; (b) The position of reso-
nances vs c for different structure height. 147
xxiii
List of Figures
5.10 Variation of measured transmission with the angle of incident po-
larization for SRR(left) and C0(c= 0 µm)(right). 148
5.11 Variation of measured transmission with the angle of incident polar-
ization for different bar positions:(a)C10 (c= 10 µm), (b)C12 (c=12
µm), and (c)C16 (c=16 µm) 149
5.12 Comparison of Reflectance and Transmittance for C12(c=12µm). 149
5.13 Modelling of the structure as an LC circuit 150
6.1 Helix trajectory generated using a=b=5µm, t=0.1. The units of the
XYZ dimensions in the graph is in meters. 154
6.2 The process of metal helices fabrication on a silicon substrate: Spin
coating of SU-8 on Si substrate; SU-8 exposure using TPL and de-
velopment; Air plasma and then a selective coating of silver on SU-8. 155
6.3 SEM images of the collapsed helices with 5 turns: (a) Overview;
(b) Magnified image of the lying down helices. 156
6.4 SEM images of the standing helices: (a) Tilted overview; (b) Plane
overview; (c) Magnified tilted view; (d) Magnified plane view. Fab-
rication Parameters : laser power 50 mW, writing speed 10 µm/s,
helix radius = 2.5 µm, pitch = 5 µm, height = 15 µm. Scale bars are
specified on the respective images. 157
6.5 Tilted SEM images of a single helix fabricated using: (a) Dry lens;
(b) Oil immersion lens. 158
6.6 Polymer helices coated with silver whose structural parameters are
presented in the table. On the right, the helices with different verti-
cal spot sizes are shown. 159
xxiv
List of Figures
6.7 On the left, the cartoon illustrates the elliptical voxel (blue) created
when a low numerical aperture objective is used for fabrication and
a more spherical voxel created due to high numerical aperture objec-
tive. On the right, we showcase some fabricated helices with high
voxel height of about 6 µm, radius 5 µmand pitch = 15 µm. 160
6.8 Left: Transmittances of LCP and RCP light based on different spot
sizes for helix pitch, p = 23 µm; Right: Extinction ratios calculated
for the different spot sizes. 160
6.9 Left: Transmittances of LCP and RCP light based on different spot
sizes for helix pitch p =8µm; Right: Extinction ratios calculated for
different spot sizes. 161
6.10 Effect of tapering due to SU-8 Shrinkage: (Left) SEM micrograph
of the sample of helices with shrinkage; (Right) Simulated transmit-
tances of the helices with different radius ratios with voxel height 5
µm. 162
6.11 Comparison between bulk and thin metal film coated helices. There
is no significant change in optical response. 163
A.1 Principle behind SFG:When two noncollinear ultrafast beams inter-
act in a nonlinear noncentrosymmetric media, their wave vectors
add up in the central direction giving rise to sum frequency signal. 172
A.2 Experimental Setup for measuring intensity autocorrelation 173
A.3 Intensity Autocorrelation for beam direct from the laser. No disper-
sion inducing elements were introduced in the beam path except for
the mirrors and neutral density filters. 174
xxv
List of Figures
A.4 Measured pulse widths as a function of the position of the prism
BP2 in the MIRA cavity. Three different scenarios are compared
where we have no dispersive components (Nothing ()), AOM(•)
and AOM & polarizer in light path(N). 175
A.5 Measured spectral widths as a function of the position of the prism
BP2 in the MIRA cavity. The spectrum was measured at the output
port of the laser. 175
A.6 Dispersion caused by different components probed by intensity au-
tocorrelation.The plotted data includes the best results when the
pulses are precompensated using the laser’s internal prism compressor.176
A.7 Effect of scatter from incident pulses in the autocorrelation spectra.
On introduction of blue filter, the interference fringes are removed. 177
C.1 Design of a typical hyperhemispherical lens 181
C.2 TPx Lenses 182
xxvi
List of Tables
2.1 Table of Time-Bandwidth Products(TBPs) for typical pulse shapes.
τp is FWHM of intensity envelope function in seconds; τAC is FWHM
of autocorrelation function of corresponding intensity envelope; ∆ν
is the FWHM of power spectrum in Hz. 27
2.2 Comparison between THz-TDS and FTIR techniques 37
3.1 Resist materials used for TPL. 45
3.2 Commercially available resists for TPL. 46
4.1 Typical settings used for Lock-in Amplifier SR830. 99
4.2 Waterlines recorded by THz-TDS setup in comparison with the lit-
erature data 113
4.3 Specifications of the THz-TDS setup 116
5.1 Parameters of the structure simulated 135
6.1 Summary of performance characteristics of helical metamaterial
based polarizers 159
6.2 Summary of performance characteristics of helical metamaterial
based polarizers 161





AFM Atomic Force Microscopy.
CST Computer Simulation Technology.
CST-MWS Computer Simulation Technology MicroWave Studio.
CW Continuous Wave.
FD Frequency Domain.
FDTD Finite Difference Time Domain.
FIR Far Infra-Red(>30µm).
FIT Finite Integration Technique.
fs femtosecond.
FTIR Fourier Transform Infra-Red Spectroscopy.
FWHM Full Width at Half Maximum.
GaP Gallium Phosphide.
GVD Group Velocity Dispersion.
IR Infra-Red.









SEM Scanning Electron Microscopy.
SPM Self-Phase Modulation.
TBP Time Bandwidth Product for an ultrafast pulse δν × δτ < 4π.
TD Time Domain.







The terahertz band is the least exploited band in the electromagnetic frequency
spectrum due to lack of powerful sources, sensitive detectors and high atmo-
spheric attenuation. However, the recent advances in terahertz science and spec-
troscopy have made it more viable and its advantages have been increasingly uti-
lized for developing real-world applications. This chapter serves as an introduc-
tion to this elusive band and a review of the recent research in terahertz sources.
Metamaterials are emerging as a new class of photonic components structured
artificially to deliver the desired electromagnetic response. The broad field of
metamaterials is introduced briefly within this chapter. The motivation for this
thesis is discussed in context of previous work done on terahertz metamaterials.
Finally, an outline of different chapters is presented.
1.1 Terahertz “Gap” and applications of Terahertz
radiation
Terahertz region in the electromagnetic frequency spectrum is one of the most
sought-after regions in the present research. It ranges typically from 0.1-10
THz. As shown in Fig. 1.1, the terahertz regime bridges the gap between high
speed electronics(up to GHz) and photonics(>150 THz) leading us into an era
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Figure 1.1: Terahertz band(THz gap) in the electromagnetic spectrum is flanked
on both sides by microwaves and infra-red radiation. The fastest speeds that
electronics has achieved are to the tune of 10-100 GHz(Microwave frequen-
cies). When approached from the optical frequency bands, the difficulty of get-
ting powerful infrared sources and noise-less detectors in the far-infrared region
led to minimal development of the THz band; hence, the term “THz Gap” was
coined.
of opto-electronics. This gap however presents many challenges which need
to be overcome before any practical applications can be developed. Presently,
terahertz research has diversified into different sub-fields since the pioneering
research done by Dr. David H. Auston. Dr. Auston worked primarily on
silicon-on-sapphire based optoelectronic photoconductive switches in erstwhile
Bell Labs[4, 5]. Daniel Grischkowsky[6] used a dipole antenna for generat-
ing and detecting THz which became the standard design for photoconductive
antennas.
The main challenges in terahertz research are due to following reasons:
1. Sources Terahertz generators are very weak. Although a variety of ap-
proaches(both from electronics and optics sides) have been explored till
now, yet the peak powers achieved are very low compared to sources in
other parts of spectrum. Generally the electronic sources are spectrally
limited to a few hundreds of GHz and can deliver a power of few tens
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of mW. The optical sources such as globar(blackbody source) have very
low brightness at this far end of the infra-red. The synchrotron radiation
could be very bright but the source is not compact and the access to such
facilities is limited. Other optical sources such as THz Quantum cascade
lasers(>4 THz only) or THz generation using ultrashort pulse lasers also
yield very low powers(<1 µW). A comprehensive overview of different
sources and their spectral range is given in Fig. 1.2.
Figure 1.2: Terahertz sources get increasingly feeble with increasing frequency
and conversion efficiencies are less than 1 percent. Pf 2 = c line is the power-
frequency slope expected from mature RF devices. The Pλ = c line is the
expected slope for some commercial lasers. Figure adapted from [1] c⃝(2012)
IEEE
2. Medium The transmission of terahertz waves in atmosphere is unfortu-
nately abysmal due to excessive absorption by water vapour(see Fig. 1.3).
A THz beam(at 1THz) with 1W power will get attenuated to 10−30 times
of its original power after passing through air of length 1 km. This lim-
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Figure 1.3: Atmospheric Attenuation of frequencies in THz Band adapted from
Rosker and Wallace[2]
3. Detectors Terahertz detectors face a huge problem distinguishing tera-
hertz radiation from heat itself. Most incoherent THz detectors such as
bolometers need liquid Nitrogen or Helium for cooling them to reduce
the thermal noise. A black body at room temperature will emit 6THz
radiation. There are alternatives being explored in optical detection, but
even they face sensitivity issues.
4. Optics It is very difficult to find materials which can provide the right
refractive index to alter the properties of terahertz light. For example ,
it is impossible to find a naturally birefringent crystal to circularly polar-
ize THz light(THz quarter waveplate) or change the polarization plane of
incoming THz light(THz half waveplate). Since metamaterials are arti-
ficially engineered, they can, therefore, be structurally designed to filter
and modulate terahertz waves.
The scarcity of optical components in this spectral zone has consummated into
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a hot challenge for many leading research groups in the world to work compet-
itively to develop powerful THz sources , sensitive detectors , flat lenses, polar-
izers and so on. Based on the research done in the last twenty years, terahertz
radiation has found applications in many different areas such as pharmaceuti-
cal, processing, artworks, food, agriculture, space and manufacturing industries.
The advantages of terahertz radiation are as follows[7]:
1. Non-Ionizing Radiation: THz radiation has very low photon energies(about
4meV for 1THz). Hence, THz is non-ionizing and causes no damage to
biological samples like X-rays.
2. Non-Destructive Evaluation: Since THz has very long wavelength com-
pared to visible and infrared light, this radiation is unaffected by Mie scat-
tering. THz band therefore, serves as good candidate for non-destructive
evaluation and quality control applications in an industrial setting.
3. Spectral Fingerprinting: THz band has far-infrared wavelengths where
many molecules have spectral fingerprints. Using this spectral specificity,
THz can provide information about the composition of an object.
4. Coherent THz Spectroscopy provides amplitude and phase information
for a particular sample which can be further processed to obtain absorp-
tion and refractive index simultaneously.
1.2 Metamaterials
Metamaterials have recently seen a huge explosion of research due to the promise
of using artificially engineered materials to achieve desired manipulation of
light[8, 9]. The previous paradigm in optics towards achieving a certain goal
was to find the material with right optical properties to design the system. The
5
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optical properties are mostly determined by the atomic resonances and lattice
structure of the material. But with the development of metamaterials, one can
argue that the paradigm has changed in favour of an optical engineer who can
design an artificial material with optical properties designed for a particular ap-
plication. This paradigm shift is the reason for widespread interest in metama-
terial research.
1.2.1 Definition and Examples
According to Cai and Shalaev[10], metamaterials are defined as
“ A metamaterial is an artificially structured material which attains
its properties from the unit structure rather than the constituent ma-
terials. A metamaterial has an inhomogeneity scale that is much
smaller than the wavelength of interest, and its electromagnetic re-
sponse is expressed in terms of homogenized material parameters.”
This serves as a working definition for metamaterials. Some groups however
have debated about the thickness(λ/10 or λ/4) and whether photonic crystals
constitute as a part of metamaterials.
The role of metamaterials in photonics is shown in the schematic in Fig. 1.4.
When the wavelength of light(λ) is much smaller than the unit structure size(a)
of the optical materials, then the regime is governed by physical optics. In this
regime, the light treats the metamaterial as a homogeneous medium with an ef-
fective index. When λ is roughly the same magnitude as the feature size(a ∼ λ),
then wave phenomena such as diffraction and interference become important.
Photonic crystals, X-ray diffraction and radar systems fall into this purview.
When structure size is many orders of magnitude higher than wavelength of
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Figure 1.4: Photonic structures can be broadly classified into three different
classes based on their structure-size(a) and operating wavelength(λ). Metama-
terials in photonics are defined as sub-wavelength(a << λ) structures akin to
optical crystals. This category of photonic structures relies on effective medium
approximation and the bulk characteristics are adequately defined by a unit
cell. The photonic crystals and X-ray diffraction rely on wavelength sized
structures(a ∼ λ) governed by wave phenomena like diffraction and interfer-
ence. The commonplace lens systems and shadows are ruled by geometrical
optics(a >> λ).
amples for this particular regime are lens systems used in cameras and shadows.
1.2.2 Applications of metamaterials
Negative Refraction
Negative refraction is one of the most striking applications of metamaterials be-
cause such materials do not exist in nature. The Fig. 1.5 shows how different
materials can be classified based on their electric permittivity and magnetic per-
meability. Naturally available materials such as dielectrics(ϵ > 0, µ > 0,= 1),
metals(ϵ < 0, µ > 0,= 1) and ferrites(ϵ > 0, µ < 0) are in the I, II and IV
quadrants respectively. However, quadrant III (ϵ < 0, µ < 0) is not known to
7
Chapter 1. Introduction
Figure 1.5: Metamaterials in the ϵ vs µ chart
have any natural materials. Metamaterials therefore can be designed to obtain
ϵ < 0, µ < 0 and fill this gap. Other than classification of materials, this diagram
also shows the ability of these materials in supporting wave propagation. In case
of ferrites and metals, only evanescent waves occur due to complex refractive
index. In case of dielectrics and metamaterials, the regimes allow wave propa-
gation due to real refractive index. Veselago in his seminal paper[11] in 1968
predicted that a material with negative index can exist without violating any ex-
isting physical laws. A negative index slab, as suggested by Pendry in 2000,
could be used as a superlens since it can focus light beyond the diffraction limit
imposed by wave optics.[12]
Superlens and Hyperlens
Diffraction sets a fundamental limit to the resolution of optical systems. Su-
perlenses and hyperlenses are being researched thoroughly for their exceptional
abilities in focusing light beyond the diffraction limit. First such demonstra-
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tion of a superlens was performed by Zhang Xiang’s group[13] at UC Berkeley
where they used an indirect approach of using 365 nm light through a super-
lens(comprising of a dielectric spacer and silver layer) to fabricate 89 nm wide
structure using a chrome mask of 40 nm linewidth. Without the superlens, the
structure was about 320nm wide.
Hyperlenses are composed of thin alternating layers of dielectric and noble
metal to form a metallodielectric composite with desired refractive index. They
defy the diffraction limit by transforming decaying evanescent waves into prop-
agating waves. The decaying waves, that get lost in conventional imaging, can
be collected and transmitted using standard optical components.
Coupling in Metamaterials and Slow Light
Since metamaterials are optical analogues of oscillators, one can easily ex-
tend the concept of coupling to metamaterial systems composed of meta-atoms.
Metamolecules which are composed of meta-atoms, have been studied exten-
sively for understanding resonance hybridization, tailoring the quality factor of
resonances(Q-factor) and to establish the behaviour of metamaterial coupling in
terms of lumped circuit elements or a plasmonic model.
Metamaterial based Fano resonances [14] arise due to the asymmetry in the
coupled resonators. These resonances have an asymmetric lineshape as against
more commonplace Lorentzian resonance. Fano resonators can yield very high
Q-factors owing to their asymmetric light induced currents.
Einstein in his theory of special relativity puts forward the foremost underly-
ing assumption that “nothing can travel faster than light”. But, a wavepacket
comprising of multiple frequencies, can have two kinds of velocities. Phase
velocity is the velocity of electric field oscillations and the group velocity is
9
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the velocity of the envelope of the wavepacket. Bose Einstein Condensates and
cold atoms have been shown to exhibit slow light behaviour through quantum
interference.[15] Typically, a resonant medium becomes transparent to the probe
beam when excited by a pump beam. This transparency medium has a dispersive
nature which can slow down light by many orders of magnitude. This disper-
sive transparency is attributed to the interference between two different excita-
tion pathways. This kind of interference can also be seen in classical systems
such as a coupled mass-spring system or coupled LC oscillators[16]. Many dif-
ferent designs for achieving metamaterial induced transparency were proposed
and demonstrated in the past few years[17, 18, 19, 20].
Flat Optics : Physics of Metasurfaces
Recently metasurfaces have gained renewed attention due to their wavefront
altering properties.[21] Metasurfaces are thinner than the operating wavelength
yet they can modify the wavefront phase due to small interacting metal elements
which can be treated as optical nanoantennas. These antennas have dimensions
smaller than the operating wavelength and fabricated on a substrate as an an-
tenna array . These sub-wavelength elements, on account of Huygens principle,
can mould optical wavefront into any desired arbitrary shape. The unit cell
comprises of multiple antennas each of which changes the phase of incoming
wavefront by a different amount. The difference in phase between the first and
last antenna is π to ensure the discontinuities arising due to the multiple scatter-
ers change the wavefront gradually. This kind of effective medium approach to
wavefront engineering has many interesting applications such as converting the




Two dimensional metamaterials suffer from lower coupling efficiency due to
reduced interaction length with the light. Their low thickness also prohibits
from their use in real-world based device applications where everything is three-
dimensional. This led to a lot of research in the field of 3D metamaterials which
are atleast thicker than few times of operating wavelength.[22] But since the
metamaterials are made of metal. The losses add up when multiple layers of
2D metamaterials are stacked to achieve a 3D structure. Therefore, 3D meta-
materials exhibiting a low amount of loss are a hot research topic now. Using
a 3D metamaterial prism, Valentine et al[23] demonstrated negative refraction
for visible light. The prism based fishnet structure deposited using evaporation
techniques and milled using focused ion beam is difficult to replicate in mass
scale. Later, the fishnet designs with alternate layers of metal and dielectrics
have been fabricated by stamp printing making their production scalable and
cheap.[24]
Chiral metamaterials
Chiral metamaterials are named so because of their ability to twist the polariza-
tion of light due to their twisted structure. In case of chemical molecules, the
optical activity depends on the chemical structure which must be chiral or non-
superimposable images. Chiral metamaterials can be used to generate circularly
polarized light with an incident plane polarized light. These type of metama-
terials generally consist of arrays of planar metallic or dielectric gammadions
on a substrate.If linearly polarized light is incident on this array, it emerges as
elliptically polarized light after the interaction with the gammadions with the
same handedness as the gammadion itself.
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Figure 1.6: Gammadion : an example of a chiral structure
A chiral unit structure such as a gammadion(see Fig.1.6) is defined as a shape
with a certain handedness (left or right), which cannot be congruent with a unit
of the opposite handedness unless they are removed from the plane. This leads
to a reciprocal effect such that if light is shone from one direction onto the
array, the resulting polarization is left or right elliptically polarized, and if light
is shone from the opposite direction onto the array, the resulting polarization is
the opposite handed elliptical polarization to the other direction.
Earlier, negative refraction was assumed to be achieved only when both permittivity(ϵ)
and permeability(µ) are negative. However, chiral metamaterials do not require
this condition and can realize negative refraction with a strong chirality.
1.3 Motivation for this thesis
Terahertz metamaterials are an interesting research off-shoot from the vast re-
search fields of terahertz and metamaterials respectively[25]. They are inter-
esting partly due to the relatively easy fabrication of different structures using
existing IC micro-manufacturing technologies and also due to the fact that the
metals can be reasonably modelled as perfect conductors in THz regime. The
main driving force of terahertz metamaterials has been the ability to manipu-
late terahertz light which is not possible using existing known natural materials.
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These materials are either transparent(dielectrics, undoped semiconductors) or
opaque(metals and doped semiconductors). The electric or magnetic response
of the natural materials is very weak in THz regime. Also, the unavailability
of the appropriate band filters for THz spurred the research in THz metamateri-
als. Earlier metamaterial studies were devoted to extend the GHz waves based
metamaterials to THz domain as they were easy to manufacture than nanometa-
materials. More recently, the THz metamaterials are being used to realize active
optical elements that were not possible previuosly. Metamaterials have enabled
terahertz science to be more useful to the mankind by creating artificial methods
of interacting with THz light.
Therefore, the coupling between meta-atoms is one of the key questions in the
field. The other key issue is that of the role of aspect-ratio in the response of
the metamaterials. The motivation for this thesis comes from the unanswered
questions in the field of THz metamaterials.
In order to develop a complete platform for exploration of metamaterials in
THz regimes, this thesis has focused on the aspects of the metamaterial design
using simulation softwares, different fabrication strategies and the development
of characterization tools.
1. Design of metamaterials
• Conductive Coupling: The design of metamaterials is aimed at pre-
cise control of structurally tunable resonances. The basic resonators
such as a split ring or a straight cut wire can give rise to the coupled
or hybridized resonances when brought close to each other. This
kind of coupling, also known as capacitive or inductive coupling,
has been the dominant scheme to realise such coupled resonances,
however it has weak coupling efficiency and requires precise spatial
13
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separation between the individual resonators. Conductive coupling,
on the other hand, provides stronger coupling and also enables eas-
ier fabrication. However, conductive coupling has not been studied
in context of inductive coupled structures and individual resonators.
The thesis explores these coupling scenarios using a test metama-
terial structure and compares its spectral responses in the terahertz
regime.
• Chiral Helical metamaterials: The chiral metamaterials have inter-
esting properties in terms of altering the polarization of the light. Al-
though, the fabrication of helices has been achieved using electroplating[26]
and electro-less plating techniques[27], still there remains a chal-
lenge of fabricating them as individual polymer helices in a negative
photoresist. This fabrication is difficult due to the capillary force
induced collapse during the development of the resist. A consider-
able amount was spent to make rigid individual helix structures on
silicon and glass. Also, from design point of view, there were no
previous reports on the effect of helix wire cross-section on the chi-
ral properties. These aspect ratio effects of helices have been studied
and tailored to achieve chiral polarizers with a superior performance.
2. Fabrication Strategies In terms of fabrication strategy, the thesis aims to
make metamaterial structures with any designed dimension and complex-
ity. For this purpose, two different strategies were utilized and optimized:
• UV lithography combined with metal electroplating or sputtering




UV lithography and metal electroplating are relatively mature, for which
the advantage is ease of large area fabrication, and a single mask can be
repetitively used for mass production. However, it is difficult to fabricate
complex 3D structures such as helices and woodpiles using this method.
TPL combined with silver electroless plating is a new technique explored
within our group to overcome this shortcoming. Aiming at flexibility and
easy control, a two photon setup was built with custom made microscope
,high resolution air-bearing stages and a home-built user friendly soft-
ware, PhotonSculptor. The recipes for fabrication were optimized as well
to obtain rigid standing structures.
3. Characterization of metamaterials formed another aspect of the thesis
wherein a THz characterization tool was developed within the lab. Fourier
Transform Infra-red Spectroscopy(FTIR) is easily available and can mea-
sure the spectral response of metamaterials. However, the FTIR can only
provide amplitude information and cannot give any details about the phase
change due to a certain metamaterial. Hence, this limits our understand-
ing of the metamaterial under study and the actual refractive index of
the material remains unknown. Therefore, as part of this thesis, a THz
Time-Domain Spectrometer(THz-TDS) was built to investigate the phys-
ical mechanism behind the designed and fabricated metamaterials. Ad-
ditionally, a THz imaging attachment and LabVIEW software was devel-
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Figure 1.7: Thesis Outline
1.4 Thesis Outline
The body of this thesis is broadly divided into two parts as illustrated in Fig.
1.7. The first section deals with the techniques and facilities developed during
the course of study. This section involves the development of two photon lithog-
raphy system(Chapter 3), terahertz time-domain spectrometer and imaging sys-
tems(Chapter 4). The second section deals with application of these facilities
for fabricating and characterizing metamaterials. THz-TDS was used to inves-
tigate slow light effects in a metamaterial composed of conductively coupled
meta-atoms(Chapter 5). Two photon lithography(TPL) is used for the fabrica-
tion of silver coated polymer helices with different cross-sections to tailor their
chiral response and improve their broadband chiral polarization performance in




An experiment is a question which science poses to Nature, and a
measurement is the recording of Nature’s answer.
Max Planck
This chapter introduces the various experimental and simulation techniques used
in this thesis. The chapter is divided into four parts: simulation methodology,
equipment, fabrication and characterization techniques. Each section briefly
describes the instrument or process utilized highlighting their advantages and
the reason for choosing them over other similar techniques.
2.1 Simulation Methodology
2.1.1 CST Microwave Studio
Computer Simulation Technology MicroWave Studio (CST-MWS) was used as
the simulation tool to design the metamaterials and simulate their electromag-
netic response. CST-MWS is a general purpose electromagnetic solver based
on Finite Integration Technique (FIT) proposed by Weiland in 1977[28]. FIT
solves Maxwell’s equations in integral form as opposed to their differential form
as done by Finite Difference Time Domain (FDTD) solvers.
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B⃗.d⃗A = 0 (2.2)
The simulation tool discretizes Maxwell’s equations (2.1 and 2.2 above) and
solves them for a unit cell. The metamaterial can be modelled as a metal(Gold)
structure deposited on a dielectric substrate(Silicon). After forming the struc-
ture using the CST Design Environment, it is subject to spatial and temporal
meshing. Two orthogonal grids are formed for solving the electric and magnetic
fields(E⃗, B⃗), and, electric displacement and magnetic induction vectors(D⃗, H⃗).
The material parameters are used in defining the relations between electric field
and displacement(D⃗ = ϵE⃗) and their magnetic counterparts(B⃗ = µH⃗). These
discrete equations are called Maxwell’s Grid Equations. The next step is to
apply the solving schemes optimized for different problems.
Metamaterials are modelled using two particular solvers : transient and fre-
quency domain solver. The difference between these two solvers is in their treat-
ment of time derivatives in Maxwell’s equations. The transient solver treats the
time derivatives as time differences and solves for temporal evolution of fields
using a leapfrog scheme. The advantage of this solver is that a model could be
solved for a large frequency range within a single computation. However, the
technique could become very slow for higher mesh limits. It only works with
a hexahedral mesh. On the other hand, the Frequency Domain (FD) solver
is useful for simulating electrically small to mid-size problems or for narrow-
band structures. Problems involving periodic and unit cell boundaries could be
solved using this solver. The FD solver is based on Maxwell’s Grid Equations
in the time harmonic case (∂/∂t→ iω). The general-purpose FD solver can be
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used together with hexahedral or tetrahedral grids. The general-purpose solver
is accompanied by a module specialized for S-parameter calculations in highly
resonant loss-free structures such as filters. This solver is extremely fast com-
pared to other simulation methods. However, the field computation, if switched
on, takes a considerable amount of time, thus, reducing its performance.
2.1.2 Error Sources in CST
The accuracy of simulation results depends on the sources of errors which can
be categorized in two different ways. The following lists the errors due to dis-
agreement between the simulation model and reality.
• Geometrical dimensions do not match.
• Material parameters are not accurate and do not have the correct frequency
dependence relations.
• Excitation source is not chosen properly with the right impedance match-
ing. The ports are not large enough to accommodate all the propagating
modes. Inadequate number of Floquet modes could also give rise to error
in transmission results.
• The environment of the simulated object may also influence the results.
Simulation based errors purely arise depending on the way numerical scheme is
algorithmically implemented.
• Discretization error: The electromagnetic equations must be sampled
with a mesh that is sufficiently dense in space. Accuracy is proven to
increase with finer mesh. Convergence tests with increasing mesh density
give the user the optimum mesh density for accurate modelling.
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• Truncation error: In case of transient solver, the calculation should con-
tinue until the time domain signals decay down to zero.
• Geometry error: This error occurs when the generated mesh does not
model the structure very well due to certain design elements within the
structure.
• Boundary Conditions: The improper choice of the boundary conditions
could also lead to wrong results. Perfectly Matched Layer thickness must
be adjusted to ensure the fields are absorbed completely.
• Numerical errors : The finite representation of decimal quantities could
also lead to numerical errors.
• Waveguide Ports: If they are not treated properly, the waveguide ports
could lead to erroneous results.
One can ensure highly accurate simulation results accounting for these poten-
tial sources of inaccuracies. By performing mesh convergence studies, the best
mesh parameters could be obtained.
2.1.3 Frequency Domain Solver Workflow
The FD solver is particularly useful when operated with a comparatively low
frequency, i.e., the structure size is much smaller than the wavelength. The
bandpass filter resonance can be optimized and/or tuned in a complete model
by applying the solver. It can quickly deliver electromagnetic near-field and far-
field distributions as well as S-parameters. The FD solver is mainly used in this
thesis for designing the metamaterials. This solver is usually preferred because
it calculates all S-parameters for both polarizations in a single simulation run.
In addition to speedy calculation, it can also be easily adjusted to model circu-
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lar polarization of the incident light. The work-flow for simulations using the
frequency domain solver as prescribed by the CST manual is listed below.
1. Set units(L = µm, f = THz, t = ns) and frequency range to be calculated.
2. Model and define the structure.
3. Set the boundary conditions.
4. Define input and output ports.
5. Generate mesh.
6. Start the frequency domain solver.




Figure 2.1: Simulation in CST (a) Typical metamaterial unit cell with metal
structure on a substrate (b) Mesh generated by CST within the structure (c)
Periodic boundary conditions are used for simulating the metamaterials.
2.1.4 Interpretation of Results : S-parameters
Scattering parameters or S-parameters are commonly used in microwave engi-
neering to describe the linear behaviour of a circuit element in an electrical net-
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work under steady state stimuli. These are complex reflection and transmission
coefficients for the device under test. CST Microwave Studio models the meta-
materials as a two-port network(Fig. 2.2) to calculate S-parameters from which
the transmission and reflection spectra for different modes can be retrieved.
Figure 2.2: Schematic showing a two-port network for scattering parameters
For a two-port network, the scattering matrix relates the outgoing waves b1 and












The S-matrix elements are referred to as scattering parameters or in short, as S-
parameters. For microwave circuits, the S-parameters are usually measured by
embedding the two-port network in a transmission line connected to a network
analyzer. One of the ports is connected to the generator and the other is attached
to a load. The S-parameters measurements are made by connecting to a matched
load(impedance). Therefore, by maximum power transfer theorem, there are no
reflected waves from the load(a2 = 0). The S-matrix equations, hence, yield:
b1 = S11a1 + S12a2 = S11a1 =⇒ S11 = b1
a1
(2.4)
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Here, S11 and S12 are the reflection and transmission coefficients respectively.
On reversing the generator and load connections, one can measure S21 and S22
giving the transmission and reflection coefficients from port 2. Typically, in our
simulations, excitation(applying voltage in optical parlance) from a single port
is considered. Most often, obtained S-parameters are the same for both kinds
of excitation. In order to compare with the experimentally obtained spectra for
metamaterials, the absolute value of the complex S-parameters is required. The
phase advance for a metamaterial can be easily obtained using the difference
between the angle of the complex S-parameters for the metamaterials and the
reference signals.
Another key issue for modelling metamaterials is to remove the substrate related
effects in the final spectra. To achieve this, the substrate is modelled without
the metamaterial metal layer. Then S-parameters of the metamaterial-substrate
are divided by the S-parameters of the substrate giving the effective transmis-
sion/reflection coefficients for the sample under test.
2.2 Equipment: Femtosecond Laser Coherent MIRA-
900
In our lab, we have a Ti:sapphire laser(Coherent MIRA-900(see Fig. 2.3))
pumped by green Nd:YLF laser(Coherent Verdi V10). MIRA-900 emits 800 nm,
150 fs pulses with an average power of 1 W at a repetition rate of 76MHz. The
gain medium Ti:sapphire crystal within the heart of MIRA-900 is responsible
for wavelength tunability in the range of 700-980 nm. The femtosecond pulses
are generated in the Ti:sapphire crystal using the concept of Kerr-lens mode-
locking. Modelocking is a phenomenon in which all the modes of the laser
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cavity have a constant phase relationship. The phase locking of the longitudinal
modes stops random pulsing and the peak pulse forms only when the modes
constructively interfere. A Kerr lens is formed when the beam intensity reaches
amplitude high enough to form a spatially variant refractive index(n(I)) within
a Ti:Sapphire slab. This index is composed of linear and non-linear index(n2)
of the material and expressed as n = n0 + n2I where I is the beam intensity.
Kerr lensing is achieved only when high intensities are built up in the cavity
and it aids in increasing the number of modes and accelerates the mode-locking
mechanism. The Continuous Wave (CW) beam (random peaks) is attenuated by
an aperture which acts as a loss element in the cavity.
Figure 2.3: MIRA 900 in the OMAD lab
MIRA-900 has excellent power stability over a few hours under constant tem-
perature and humidity and drifts only by a few percent. The cavity is however
very prone to fluctuation when a reflected beam goes back into the cavity. A
Faraday isolator is generally used to avoid these reflections destabilizing the
mode-lock. The schematic and the optical cavity is illustrated in Fig. 2.4. A
prism pair in the cavity controls the dispersion of the femtosecond pulse balanc-
ing its group velocity dispersion(GVD) and self-phase modulation(SPM) com-
ponents.
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MIRA-900 
OSCILLATOR 





Figure 2.4: Schematic of femtosecond oscillator, MIRA-900 pumped by Verdi
V10. On the top-left corner is the cavity diagram for MIRA-900 provided by
Coherent.
Characterization of the laser pulse
The laser pulse is characterized by three important parameters: (a) power, (b)
peak wavelength and spectral bandwidth (c) temporal pulse width. Additional
information about the pulse could be obtained by characterizing its phase be-
haviour. The laser beam power is measured by a calibrated photo-diode which
measures the average optical power of the femtosecond laser beam. Using
this average power(Pavg), one can evaluate the peak energy(Epeak) and peak
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where the τp is the pulse width of the laser pulse. For our laser, the peak energy
is about 13 nJ and the peak power is 87 kW.
The peak wavelength and spectral bandwidth of the laser pulse are measured
using a grating spectrometer(Ocean Optics HR4000) as plotted in Fig. 2.5a.
The measured spectrum matches very well with a Gaussian fit, and the fitting
result shows that the FWHM of this spectrum is about 9.3 nm. The pulsewidth is
measured by an autocorrelation experiment. In an autocorrelation experiment,
the femtosecond pulse is used to measure itself by getting a second order cor-
relation of its temporal envelope within a nonlinear medium such as β-barium
borate crystal. This technique is described further in Appendix A. The sech2 fit
to the experimental data is used to estimate the pulse-width. For our laser, the
pulse width was calculated to be 120 fs as shown in Fig. 2.5b.
















(a) Spectral Response measured using USB
HR4000 spectrometer















 Gaussian Fit 
P = AC/1.54 for sech pulses
FWHM = 179 fs 
Pulsewidth = 116 fs
(b) Intensity Autocorrelation trace
Figure 2.5: Characterization of femtosecond laser pulse from MIRA-900
Time Bandwidth product for an ultrafast pulse
The time dependent electric field (E(t)) related to a laser pulse at a point of space
can be described by
E(t) = A(t) exp (−iω0t) (2.8)
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where A(t) is the envelope function and ω0 is the carrier frequency. The Fourier
transform of the E(t) gives us the relation
F{E(t)} = E ′(ω) = 1
2π
∫
E(t) exp (−iω0t)dt (2.9)
whereE ′(ω) = A′(ω−ω0) andA′(ω) is the Fourier transform of A(t). Assuming
the A(t) and A′(ω) are smoothly varying envelopes , the temporal and spectral
widths can be defined as
Pulsewdith(seconds) = τp = FWHM(|A(t)|2) (2.10)
Bandwidth(Hertz) = ∆ν = 2πFWHM(|A′(ω)|2) (2.11)
where FWHM is full width at half maximum. The Time-Bandwidth Prod-
uct(TBP) is therefore defined as
Time Bandwidth Product : τp ×∆ν ≥ K (2.12)
where K is defined by the pulse shape. TBP is an important figure of merit to
assess the quality of an ultrafast pulse. It achieves a minimum when A(t) is
purely real and the pulse is fully phase coherent. At this point, the pulse is said
to be “Fourier- transform limited”. TBPs for two typical pulse shapes, namely,
gaussian and hyperbolic secant, have been calculated and listed in table 2.2.
Function E(t) τp/τAC τp∆ν =K
Gaussian E(t) = exp
(




Hyperbolic secant E(t) = sech2
(




Table 2.1: Table of Time-Bandwidth Products(TBPs) for typical pulse shapes.
τp is FWHM of intensity envelope function in seconds; τAC is FWHM of auto-
correlation function of corresponding intensity envelope; ∆ν is the FWHM of
power spectrum in Hz.
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2.3 Fabrication Approaches and Methods
2.3.1 Photolithography
Photolithography or UV lithography is the method of choice for making semi-
conductor chips in the IC industry. In UV lithography, the photoresist is exposed
to UV light transmitting through a patterned mask transferring the pattern to a
photoresist. It comprises of three steps starting with the manufacture of a mask,
exposure of the resist and finally, the development of the resist.
1. Mask Manufacture We utilized µPG-101 Laser Writer(Heidelberg In-
struments) with a resolution of <2 µm for making our mask patterns on
chrome deposited soda-lime mask blanks. The AZ 1518 resist on the
mask is developed using AZ 400k developer for a minute post laser ex-
posure. The mask is then immersed in Chrome etchant for two minutes
where the developed resist pattern serves as a etch stop. The mask is then
rinsed with acetone and isopropyl alcohol to remove the resist on top of
the chrome mask.
2. Contact Exposure A freshly spin-coated substrate is then pressed against
the mask and aligned using a mask alignment system under a UV lamp.
The Xenon based UV lamp delivers optimum exposure dosage for the
resist used. After exposure, a soft bake of around 90 to 100◦C is recom-
mended for most photo-resists.
3. Resist Development Depending on the resist(positive or negative) used,
a developing solution is used to remove the exposed or unexposed parts
of the resist. The resulting structures are then rinsed using a solvent with
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a slow evaporation rate. Finally, the structures are dried using a gentle jet
of dry nitrogen gas.
2.3.2 Gold Electroplating
Gold electroplating is a common technique for depositing thin films of gold
on a seed conductive layer. With a photoresist mask on the conductive gold
seed layer, one can selectively deposit gold on the exposed portions alone and
control the thickness of films depending on the rate of electrodeposition and
time. In comparison to gold sputtering, this technique is better for growing
relatively thick layers. Gold sputtering is suitable for depositing layers that
are few tens to few hundreds of nanometres thick beyond which it becomes
impractical. The electrolyte used in our experiments is Neutronex 309 (Enthone
Inc.) solution. The sample and a platinum wire serve as cathode and anode
respectively. The process is carried out in a beaker maintained at 50 ◦C at a pH of
9.5 under moderate agitation. The current density is typically set to 0.2 A/dm2
in order to yield the best structural quality. Direct current (DC) and pulsed
current (PC: 20 ms ON, 80 ms OFF) electroplating are two common methods
of plating. Although DC electroplating is more time-efficient, PC electroplating
gives better surface quality.
The schematic in Fig.2.6 depicts the process steps involved in making structures
using gold electroplating. Gold electroplating was used to make structures with
a height of 2 to 4 µm.
1. First, the high resistivity( 1-10 Ω-cm) p-type Silicon double side polished
substrates were cleaned in acetone and isopropyl alcohol and dried on a
hot plate at 200 ◦C for 5 minutes.
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2. Next, the samples were sputtered with an adhesion layer of Ni of 10 nm,
followed by a 20 nm thick layer of gold.
3. After sputtering with the seed layer, the samples were spin-coated with
AZ 9260 resist at 6000 rpm to obtain films of thickness of 5 µm.
4. Following the spin-coating, UV lithography was performed using a mask
written by our laser writer. The UV exposure dosage is about 360 mJ/cm2.
5. The exposed photoresist is developed using AZ 400k (1:4 with H2O) de-
veloper for 2 minutes.
6. Gold electro-deposition is performed in the Neutronex 309 electrolyte un-
til we achieve the desired structure thickness. After this, the resist and






















Figure 2.6: Lithography Steps for achieving structures using gold electroplat-
ing.
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2.3.3 Gold Sputtering
We used a DC magnetron sputtering machine to sputter gold films to make the
metamaterials. The MDX Magnetron drive 500 is used to drive the coil be-
low the target which generates a plasma close to the target surface. A sputter
gas(Argon) is used to direct these plasma ionized atoms towards the target. Col-
lision induced ionization of Argon gas also favours higher deposition rate. Due
to charge build-up and heating issues with DC sputtering, our system allows
us only to deposit 35 nm (50s deposition time) of film at a time. After cooling
adequately, the system can again be used for deposition. For our purpose, we de-
posited 5-10 nm nickel(Ni) film on silicon for adhesion prior to depositing gold
films of the desired thickness. Heating caused by highly energetic plasma ions
also renders this technique ineffective for depositing metal on polymer films
because of their low thermal stability. The schematic(see Fig.2.7) depicts the
process steps involved in making structures of 60 to 200 nm height using gold
sputtering.
1. First, the high resistivity (1-10 Ω-cm) p-type Silicon double side polished
substrates were cleaned in acetone and isopropanol and dried on a hotplate
at 200 ◦C for 5 minutes.
2. After sputtering, the samples were spin-coated with AZ 1518 resist at
3000 rpm to obtain films of thickness of 1.5 µm followed by soft-bake at
110 ◦C for 2 minutes.
3. UV lithography was performed on the resist using a mask with a dosage
of about 360mJ/cm2.
4. The exposed photoresist is developed using AZ 400k (1:4 with H2O) de-
veloper for a minute.
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5. The samples are sputtered with an adhesion layer of nickel(Ni) of 20 nm
thickness, followed by gold layer of desired thickness. After this deposi-














Figure 2.7: Lithography Process Map for achieving structures using sputtering.
2.3.4 Two Photon Polymerization Lithography
Two photon polymerization lithography(TPL) is a mask-less direct-write litho-
graphic technique. The technique’s superiority lies in the sub-diffraction resolu-
tion and 3D fabrication capability. True 3D structures are produced by scanning
the tightly focused laser spot within a resin along x,y,z axes. The focused spot
produces photo-catalytic acid in the resin along its path which cross-links when
heated. As part of the thesis, this fabrication facility was set up and the lithog-
raphy was optimized for SU-8, a commonly used polymer in photolithography.
Chapter 3 discusses TPL in further detail.
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Optical microscopy is the easiest characterization tool available for checking
the uniformity and integrity of lithographic structures. We used a Nikon Ti2000
inverted microscope equipped with a high resolution Nikon digital camera(DS-
Ri1). Nikon Elements Basic Research software was used to capture the im-
ages.
Scanning Electron Microscopy(SEM)
We utilized SEM(JEOL JSM6700F) to observe the structures more closely than
optical microscopy. Using SEM, the issues that arise during the lithography can
be identified. The samples containing polymer are coated with a thin film of
platinum(about 5 nm) to mitigate charging effects. Typically, an electron beam
with 5 keV to 10 keV energy is utilized to observe the structures with 25× to
650,000× magnification and a maximum resolution of about 1 nm.
Atomic Force Microscopy(AFM)
In atomic force microscopy, a very sharp cantilever tip is employed to map the
surface profile of relatively flat samples. An atomic force microscope (Dimen-
sion 3000) was used to ascertain the roughness of the gold films and gold struc-
tures deposited. The roughness can be determined to an accuracy of 1 nm. The
scanner range is about 90 µm × 90 µm × 6 µm (z-axis).
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2.4.2 Optical Characterization
To test the transmission behaviour of the metamaterial structures, terahertz time-
domain spectroscopy(THz-TDS) and Fourier Transform InfraRed(FTIR) spec-
troscopy were used.
Terahertz Time-Domain Spectroscopy
Terahertz time-domain spectroscopy(THz-TDS) is widely used coherent tech-
nique for obtaining absorption and dispersion for a particular sample in the ter-
ahertz region. The range is limited to 0.1-3 THz for a photoconductive antenna
based setup and can be extended to 10 THz using other generation schemes[7].
THz-TDS is powered by femtosecond pulses which are responsible for genera-
tion and detection of THz pulses. Since the THz source intensity(about 1 µW)
is very weak, this technique uses phase sensitive gated detection to improve the
signal-to-noise ratio significantly. The technique mainly investigates the trans-
mission, scattering and reflection behaviour of a sample in the range of 0.1 to
3 THz. Because of the coherent nature of this technique, it allows the user to
capture amplitude and phase information from a measurement. Using this, we
can determine the thickness and refractive index of the sample along with the
absorption. A terahertz time-domain spectrometer was set up in our lab as part
of this thesis. The system and technique are elaborated in Chapter 4.
Fourier Transform Infra-Red Spectroscopy
Fourier transform Infra-Red Spectroscopy is primarily used to characterize dif-
ferent chemical and biological samples for their infrared fingerprints. These
spectrometers have rapidly gained ubiquity in different research areas as they
enable quick identification of different molecular and chemical species for a
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very large frequency range. In case of dispersive spectrometry, the absorption
for different wavelengths is determined by tuning a dispersive element (such as a
grating) one wavelength at a time. Fourier transform spectroscopy(FTS) has dis-
tinctive edge over dispersive spectroscopy. FTS has an interferometer where the
light from infrared source(incoherent) and a laser(coherent) are interfered and
a mirror in one of the arms is scanned to obtain an interferogram. The Fourier
transform of this interferogram gives the spectral response of the sample. The
bandwidth of this technique is determined by the sampling of the interferogram
time-domain signal. A dispersive spectrometer generally suffers from loss of
optical throughput at the entrance and exit slits. This loss is entirely avoided
in an FTIR spectrometer. FTIR spectrometer’s spectral resolution depends on
the length of the time-domain scan. FTIR spectroscopy can, therefore, reveal
the transmission and reflection behaviour of metamaterials. Although FTIR can
provide intensity data(absorption), phase information(dispersion) cannot be ob-
tained. FTIR is incapable of detecting the phase change induced by a metama-
terial. Also, it is challenging to make circular polarization measurements with
FTIR because of the uneven cancellation of certain frequencies by background
subtraction/division.
For measuring infrared transmission of metamaterials, a spectrometer(IFS Bruker
66v/s) at Singapore Synchrotron Light Source (SSLS) was employed which
is capable of acquiring data over the near-IR(NIR, 10000-4000 cm−1), mid-
IR(MIR, 4000-400 cm−1), and far-IR (680-10 cm−1) regions, as shown in Fig.2.8a.
The FTIR spectrometer has a high throughput Michelson interferometer with
automatic alignment. The spectral range can be extended from 10 to 4000 cm−1
with the aid of different sources and detectors. For measurements in FIR(10 to
400 cm−1), we utilized a Globar source and PE/DLaTGS D201 detector. The
spectral resolution achievable in this range is about 5 cm−1 before ripple noise
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(b) MIRacle accessory with condenser
lenses
(c) Hyperion 2000 Infra-red Micro-
scope
Figure 2.8: FTIR Spectroscopy facility at SSLS consists of Bruker 66v/s(a)
with Miracle accessory for smaller samples(b) for MIR and FIR measurements.
(c)The Bruker Hyperion 2000 microscope is shown that was used for NIR and
MIR investigations for very small samples(< 5mm2).
appears in the final spectrum due to Fourier transformation. The measurement
is made typically using a beam condenser(as in Fig. 2.8b) which reduces the
beam spot size to a quarter of the initial beam diameter. Different apertures can
be used ranging from 0.25 mm to 12.0 mm depending on the sample size. The
detector is cooled by liquid nitrogen and the chamber is typically evacuated to a
vacuum of 3 mbar. The samples should have a minimum size of 5× 5 mm2 in
order to get a good signal.
For characterizing smaller samples of size of about 100× 100 µm2 in the MIR
range, we utilized the microscope Hyperion 2000 which has Schwarzschild
objective(15×), as shown in Fig 2.8c. In both cases, polarization sensitive mea-
surements can be done with the help of two polarizers before and after the sam-
ple.
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With the aid of VeeMax accessory from Bruker, the spectrometer can also per-
form angle resolved reflection spectroscopy for incident angles varying from
20◦ to 80◦.
Comparison between THz-TDS and FTIR
The following table summarises the advantages and disadvantages of both these
techniques[29].
Parameter THz-TDS FTIR
Bandwidth 0.1-3 THz 1-200 THz
Peak Power 1× 10−3 µW 1× 10−7 µW
Dynamic Range(f<3THz) < 108 300
Measurable Electric field Intensity
Source Stability Good Not good
Frequency Resolution 0.1 cm−1 0.1 cm−1
Temporal resolution ps ns
Coherent Yes No
Acquisition Time few minutes few minutes
Particularity Time-gated Broad spectrum
Availability Initial Stages Easy, mature
Table 2.2: Comparison between THz-TDS and FTIR techniques
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Two Photon Polymerization Lithography
Setup
Mathematics began to seem too much like puzzle solving. Physics
is puzzle solving, too, but of puzzles created by nature, not by the
mind of man.
Maria Goeppert-Mayer
To enable arbitrary microfabrication of metamaterials and photonic devices, a
home-made two photon lithography system was built by the author as part of
the thesis. This chapter details the development of lithography system and the
optimization of entire lithographic process. The algorithm and software, Photon
Sculptor were written to control the XYZ stages and the laser switch. Further-
more, the test structures are presented to showcase the capability of the system.
The challenges involved in the development are also discussed.
3.1 Introduction to Laser Direct Write lithography
Laser Direct Writing (LDW) is a general-purpose mask-less scanning litho-
graphic technique with a high degree of control and accuracy. Typically, contin-
uous wave (CW) or pulsed lasers are used to ’write’ or inscribe features within
38
Chapter 3. Two Photon Lithography
polymers, glasses and other dielectrics. The feature size typically is limited by
diffraction and numerical aperture of the microscope objective used for LDW.
LDW has been used in numerous ways to manufacture optical components such
as waveguides, microlens, couplers and interferometers. LDW mainly relies
on different mechanisms occurring due to interaction of laser light with matter.
In dielectrics, typically, a powerful, tightly focused laser beam cause plasma
breakdown and lead to ablation of the material. Laser induced ablation has been
successfully applied to fabrication of micro-channels within polymers and sil-
ica glass. Pulsed Laser interaction within monomer resins could also induce
breakdown and generation of free radicals when high energy photons kick the
electrons from otherwise stable carbon chains.
3.2 Overview of Two Photon Lithography
Multi-photon lithography is a new type of LDW and it came into being at the
turn of 21st century. It offered sub-100 nm resolution, 3D structuring and higher
throughput than focused ion beam milling could offer. TPL, in particular, is
presently the leading technique for making arbitrary 3D structures in polymer
resins. Nanoscribe GmbH commercialized TPL systems in 2010 in partnership
with Zeiss GmbH. Nanoscribe GmbH is the only company selling these kind of
systems. There are cheaper DIY kits available from photonics manufacturing
companies to develop such a setup in a lab.
The TPL technique relies on the nonlinear absorption of light by monomer
molecules leading to generation of photoacid(radicals) which produce cross-
linkages on heating. In general, the photons having sufficient energy (Eν >
EBandGap) alone can excite molecules and the material is transparent to photons
with lesser energies(Eν < EBandGap). This resonant absorption of photons is
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Figure 3.1: Difference between OPA and TPA. In OPA, single photon of
wavelength(λ) is absorbed and in TPA, two photons of 2λ are absorbed via a
virtual state. The photograph in the middle depicts the fluorescence excited by
OPA and TPA. Note that TPA occurs only at the focus of the laser beam whereas
OPA occurs all through the path. The image is adapted from a Newport Appli-
cation Note.
called one-photon absorption. However, when photons with half the energy of
the bandgap are available, as shown in the Fig.3.1, it is possible to excite the
molecule to a higher state in two step absorption process via a virtual state. This
principle is exploited in two photon polymerization based lithographic systems.
3.2.1 History of Two Photon Lithography
Maria Goeppert-Mayer proposed the theory of two photon absorption in her
doctorate thesis in 1931[30]. In honour of her pioneering work, the unit of
two photon absorption cross-section(δ) is named Goeppert-Mayer(GM). A GM
equals 10−58m4sphoton−1. The peak value of δ is in the range of 0.1-100 GM
for a typical molecule for the lowest two photon allowed transition. The theory
was not experimentally proved until 1961 when Kaiser and Garrett observed
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two photon induced fluorescence in Europium ions embedded in calcium fluo-
ride crystal[31]. In 1965, two photon photo-polymerization was reported by Pao
and Rentzpis[32] where they focused a 694 nm pulsed Ruby laser into a styrene
sample cooled to 77 K. On development, they could obtain polystyrene. Until
the development of cheap femtosecond lasers in late 1980s, the research on two
photon based polymerization was limited. Femtosecond lasers have a very high
peak power as compared to continuous-wave or longer pulse lasers which makes
them ideal for probing non-linear effects. Multi-photon absorption(MPA) cross-
sections of different polymers are extremely small. Hence MPA occurs only in
the focal volume(∼ λ3) where the intensity of the focused laser is maximum.
Therefore, a very high 3D resolution can be achieved using multi-photon ab-
sorption lithography. Besides 3D resolution, femtosecond pulses transfer their
energy to electrons faster than electrons lose energy to the lattice making this
process devoid of heat. This heat insulation helps in controlling the diffusion of
photo-acid within the resin matrix. [33]
Kodama and co-workers([34]) in 1981 demonstrated 3D microfabrication stere-
olithography by irradiating and curing thin layers of photopolymers using UV.
In 1989, Parthenopaulos and Rentzpis[35] suggested the use of two photon
absorption as a means to achieve optical memories. In 1990, Denk et al[36]
used two photon absorption for three-dimensional laser scanning fluorescence
microscopy. Since then two photon imaging has been commercialized and is
routinely used to investigate biological specimens with sub-diffraction resolu-
tion. In 1993, Ikuta et al proposed a microstereolithography system using sin-
gle photon absorption of UV. In microstereolithography, the depth resolution
is limited to several microns due to its layer by layer technique. Maruo et al
reported 3D microfabrication using two photon absorption and called it "two
photon lithography" for the first time in 1997[37]. In 1991,Stickler and Webb
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[38] proposed 3D optical data storage potential of two-photon polymerization
lithography. In 2001, Kawata et al showed 120 nm resolution using a 800 nm
laser[39]. In 2002, Sun and co-workers[40] developed a method to determine
the lateral and depth resolution. Takada et al[41] further reduced the lateral res-
olution to 100 nm in 2005. By optimizing the photopolymer with an efficient
photoinitiator and high speed. Xing et al achieved a resolution of about 80 nm in
2007[42]. Stimulated Emission Depletion(STED) fluorescence microscopy was
developed by Hell and Wichmann[43]. In addition to an exciting laser beam
which causes fluorescence, a deactivating laser beam is also applied which de-
excites the molecules to their ground state reducing the photo-activated region
and improving the resolution further. Li et al[44] demonstrated λ/20 resolution
using one-color initiation and deactivation of photopolymerization inspired by
STED microscopy. They could achieve a feature resolution of about 40 nm.
This led to further research in STED lithography[45, 46]
Extensive research was dedicated to improve the resolution of resists and in-
crease the rigidity of structures made by TPL. Voxel(volume pixel) scaling
laws[40] were investigated and theories were developed to explain the square
root behaviour of voxel dimension vs. laser power. Multi-path[47] and vector
scanning algorithms were proposed for reducing fabrication times.
3.2.2 Unique advantages and applications of Two Photon Lithog-
raphy
Important advantages of two photon lithography over UV lithography are:
1. Three dimensional structuring is possible due to local cross-linking at
the focal spot of the laser.
2. Sub-diffraction resolution The nonlinearity of the process leads to de-
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pendence of exposure on the time and power of the incident laser pulse.
3. High penetration depth is possible due to the choice of a non-resonant
wavelength which is absorbed only at the focus. Therefore, it can be used
to make structures deep within the photoresist transparent at near-infrared
wavelengths.
The fabrication using TPL is done in two ways : laser scanning and stage scan-
ning. In case of laser scanning, the sample is fixed and the laser spot is scanned
using a pair of galvo mirrors. This technique allows fast fabrication of small
structures such as micro-gears or micro-resonators. In case of stage scanning,
the sample is moved relative to focus. Stage scanning uses an aberration less
ideal focused spot. Since the technique relies on mechanical stages, the limits
of fabrication are set by the travel range and the speed of the stages. This tech-
nique, hence, is useful for large area fabrication and writing long waveguides.
Many applications have been realized for two photon lithography in the past two
decades. The applications include mechanical microdevices[39, 48], photonic
crystals[49, 50, 51, 52, 53], photonic elements[39], plasmonic devices[54, 55],
biomedical microdevices[56, 57] and MEMS devices. Biomaterials like proteins
and gelatin were also investigated by several groups[58, 59, 60].
3.2.3 Theory behind Multi-photon Absorption Polymeriza-
tion
For an ultraviolet-sensitive monomer resin, infra-red femtosecond pulses are
employed to induce the two photon absorption which in turn leads to subse-
quent polymerization. Since the two photon absorption probability is less than
the single photon case, the light needs to have tremendous intensity. For this rea-
son, femtosecond pulses are utilized due to their high peak powers. re focused
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by a microscope objective to achieve higher intensities through space-time fo-
cusing. Two photon absorption occurs only at the focal spot of the objective
which means that minimum feature of this tool is a voxel(volume pixel) or a
spheroid in three dimensions. The movement of this focal spot within the resist
allows us to fabricate arbitrary structures depending on the position of the stage.
The dosage required depends on the power of the laser and the time duration of
irradiation at a particular spot. Dosage also controls the feature size.
Photoinitiation and Photopolymerization
Photopolymerization refers to the process of using light to induce the cross-
linking of small unsaturated molecules in the liquid state to solid macromolecules
through polymerization reactions. The components of the starting liquid resin
are generally monomers and oligomers(pre-polymer). These pre-polymer resins
solidify upon excitation in two different ways : polymerization and cross-linking.
Polymerization occurs through chain reactions leading to formation of macro-
molecules. On the other hand, crosslinking is attributed to cross-linkages be-
tween polymer chains with chemical bonds. Quantum yield is defined as the
ratio of number of polymerized monomer units to the number of photons that
are needed to cause the polymerization. For photocrosslinking , the quantum
yield is less than 1 where addition of each monomer unit requires absorption
of photon. In photopolymerization, quantum yield can reach thousands because
of chain reactions. Radical and cationic photopolymerization are two different
mechanisms utilized in the past to achieve TPL.[61] Radical photopolymeriza-
tion is based on nonlinear excitation of a photoinitiator which cleaves homolyt-
ically or transfers energy to a co-initiator to further generate radicals which are
the precursor to polymerization. Radical photopolymerzation occurs in reac-
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Type of Material Radical Cationic
Initiator Type I and II Triarylsulfonium salts
D-π-D, D-π-A, A-π-D-π-A
Monomer MMA Epoxides
Table 3.1: Resist materials used for TPL.









RM∗ +M M−→ RMM∗ . . . RMn∗ (3.2)
Termination

RMn∗ +RMm∗ → RMm+ nR
RMn∗ +RMm∗ → RMn+RMm
(3.3)
where I is photoinitator, R∗ is the radical, M is the monomer or oligomer unit
and M∗ is the propragating radical.
In case of cationic photopolymerization, a strong acid is generated which is ca-
pable of polymerizing epoxides and vinyl ethers. The photoacid is catalytic and
hence it can initiate several reactions at the same time. Compared to radical
type reactions, cationic polymerizations have low curing speed, lower viscosity
and small shrinkage after polymerization. However they have severe dark poly-
merization after exposure. Extra thermal processing may be required to speed
the conversion of monomers[33]. Different types of resists are summarised in
the Table 3.1. There are a lot of commercially available resist formulations of
which the popular ones are listed in Table 3.2.
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Resist Type of Resist Manufacturer
SU-8 Epoxide, Solid Microchem
SCR-500 Urethane Acrylate,Solid Japan Synthetic Rubber Co.
Ormocer Inorganic-organic hybrid, Liquid Fraunhofer ISC
NOA63 Mercapto-ester polyurethane, Liquid Norland Products
IP-L/IP-G Liquid/SolGel Nanoscribe GmbH









Figure 3.2: Two photon lithography technique: Infrared femtosecond pulses
are tightly focused using a high numerical aperture(NA) oil immersion objec-
tive into a photoresist spun on a glass substrate. The laser’s focal spot creates
radicals or acid which promote local polymerization.











From the equation, the rate of TPA has quadratic dependence on light intensity.
TPA cross-section is defined as the capability of materials to absorb photons via
TPA. The higher the TPA cross-section, the more desirable the material is for
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Figure 3.3: Intensities(a,b) and quadratic intensities(c,d) at the focal spots of
oil immersion and dry objective lenses
lithographic purposes. The TPA cross-section(δ), is given by
dnp
dt
= δNF 2 (3.5)
where N is the number density of absorbing molecules and np is number of
absorbed photons. Photon flux, F = I/hν is the number of photons absorbed
per unit area.
Assuming a gaussian beam is focused using two different objectives, dry(NA=0.9)
and oil immersion(NA=1.4), then, the figures(see Fig. 3.3) depict the intensity
distributions for the respective objectives. The quadratic intensity maps are plot-
ted below the intensity distribution maps in order to show the actual extent of
polymerization due to two photon absorption.
The intensity profiles at the focal spot for different objectives are plotted in the
Fig. 3.4. These profiles show that the lateral focal spot size is much smaller than
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(a) Lateral focal spot




















(b) Longitudinal focal spot
Figure 3.4: Focal spot profiles for lateral and longitudinal dimensions for
dry(red dashes) and oil immersion(black solid) objective lenses.
the longitudinal diameter. The aspect-ratio of the focal spots is reduced for the
case of oil-immersion lens(1:3) from (1:6) for dry objective lens.
3.3 Experimental Setup
3.3.1 Experimental hardware
The optical setup for performing two photon polymerization lithography (TPL)
is described in the following section. We utilized the Ti:sapphire oscillator(Coherent
MIRA-900) for delivering 800 nm pulses with a pulsewidth of 150 fs and energy
of about 15 nJ. To switch the laser beam, an acousto-optic modulator(AOM) is
used in the beam path. When the AOM is switched on, it generates RF acoustic
waves which generate a transient grating within the TeO2 crystal. This grating
deflects the beam into multiple orders with maximum energy divided between
the 0th and 1st orders. We use the first-order diffracted beam for lithography.
The zero-order beam although more powerful is not used because when the
AOM is turned on, the zero order beam cannot be switched off but merely be
attenuated in power.
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Figure 3.5: Schematic of TPL Setup
After the AOM, a power attenuator composed of a polarizer and a half-wave
plate is incorporated in the beam path to control the laser power. The half-wave
plate rotates the polarization of light with respect to polarizer axis delivering
a reduced beam energy depending on Malus law(I = I0 cos2(θ)). Then, the
beam is expanded by 5 times employing a telescope of plano-convex lenses to
fill the back aperture of the high NA objective. The beam is steered using a
periscope and a beam-splitter to the objective. The air-bearing stages (Aerotech
ABL1000) used in the setup have a travel of 1 inch in two directions(Y and Z)
and 2 inches in X direction. The repeatability of the stages is around ±50 nm.
The sample is placed on a tip-tilt stage for aligning the plane of the sample to
the focal plane of the objective. The stages are moved with respect to the laser
beam enabling the patterning of a photoresist with a high intensity laser beam.
For viewing the samples using the custom-built microscope, an LED source(590
nm) and a camera were integrated. The camera was utilized to monitor the pro-
cess in real time. The camera also helps in adjusting the sample plane alignment
with respect to the objective focal plane.
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Figure 3.6: Photograph of the TPL setup(a) The Aerotech stages are placed on
a granite slab. The two-photon lithographic system is built around the stages
using modular optical components. Laser enters from the right side through the
periscope. (b)Close-up view of the TPL system : The microscope objective is
on the top and the sample rests on a tip-tilt stage attached to the Aerotech stages
3.3.2 Different Components in TPL Setup
1. ABL-1000 stages and Aerotech NPaq Stage Controller Aerotech ABL-
1000 are high precision, air-bearing stages with 50 nm repeatability over
a long travel range of 50× 25× 25 cm. They form the heart of our TPL
setup. With the C++ and .NET programming libraries and Software De-
velopment Kit (SDK) supplied by manufacturer, the stages are very easy
to program and control. The stage controller can be operated using Aer-
oBasic and CNC based G-code programming.
2. Acousto-Optic Modulator(AOM) The AOM(from Gooch and Housego)
is the next most important part in a TPL setup as it controls the laser
switching operation. Since AOM are controlled by RF power sources, the
modulation speeds could go up to few MHz. The NPaq controller sends
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To RF source 
Figure 3.7: Acousto-optical modulator principle
the TTL signal to AOM RF driver based on the program to switch laser
on/off. The RF voltage applied to AOM crystal(Tellurium oxide(TeO2))
creates a Raman-Nath transmission grating inside the crystal. The laser
beam is diffracted into many orders by this transient grating as shown in
Fig. 3.7. The first-order diffracted beam is utilized for the lithography
setup as the beam extinguishes completely when AOM is switched off.
3. Objectives We primarily used two objectives in our setup. For low NA
fabrication, we used Olympus 60X Aplan(dry, NA=0.9). For high resolu-
tion lithography, we utilized the Zeiss 63X Aplan(oil immersion, NA=1.3).
Both objectives have transmission and coupling losses to the laser. Typi-
cally, the output is 10-100× weaker than the input beam power measured
before the periscope.
4. Beam Expander A custom made beam expander was used for expanding
the laser beam to fill the back aperture of the objectives. It comprised of a
concave lens(f = -50mm) and two different convex lenses(f=100,250mm)
for achieving beam expansion of 2× and 5×.
5. LED Illuminator Thorlabs mounted LED(M590L3) with peak wave-
length of 590 nm(amber) was chosen for illumination purpose in the cus-
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Figure 3.8: LED Collimation
Figure 3.9: Confocal PD arrangement
tom microscope. Yellow light will not cross-link the photo-resist. The
LED light was collimated using a short focal length planoconvex lens(f=
30mm) as in Fig. 3.8.
6. Photodiode and Confocal Setup A photodiode was used with a confocal
aperture to estimate the location of focal spot on the sample. Whenever an
interface is approached by the laser spot along z-dimension, the intensity
increases to a maximum point.
7. Camera A digital 1/2-inch silicon CCD camera is used to monitor the
two photon exposure in real-time. The CCD camera automatically adjusts
its exposure time based on the intensity of light falling on it. Neutral
Density(ND) filters are used to attenuate the power of direct laser light
falling on the CCD.
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Figure 3.10: Power Attenuator
8. Polarizer and Half-wave plate A combination of Glan-Thomson polar-
izer and half-wave plate(HWP) was used to control the laser power as
shown in Fig. 3.10. The half-wave plate rests inside an automated rotary
mount(Newport Agilis) which is powered by USB and analog remote con-
trol. Different rotation speeds can be used to rotate the HWP and obtain
the desired laser power.
3.3.3 Process Methodology
The basic mechanism behind TPL is the process of two photon absorption oc-
curring in the polymer resist under high intensity exposure of infra-red photons.
Under high intensities, the organic molecules in the resist accept two photons
with energy half of its bandgap to elevate to an excited state. This absorption re-
sults in creation of radicals or cations depending on the resist type which trigger
polymerization when the resist is heated to a certain temperature for catalysing
the reaction.
Therefore, the steps involved in TPL are as follows(illustrated in Fig. 3.11):
53
Chapter 3. Two Photon Lithography
Figure 3.11: Process Methodology: 1. Spin-coating of the resist and soft-bake;
2. Laser Writing(TPL); 3. Post Exposure Bake at 95 ◦C; 4. Development,
rinsing and drying.
1. Spin-Coating: The resist is coated on a substrate and baked to remove
excess solvent(also known as soft-bake).
2. Exposure: The resist is irradiated using a focused infra-red femtosecond
laser beam.
3. Post-exposure bake(PEB) of the resist is performed to promote the reac-
tion within the resist.
4. Development: The resist is then developed using a suitable developer.
Depending on the nature of the resist, the exposed or unexposed part is
developed away.
5. Rinsing and Drying: The structures are rinsed in a solvent with low evap-
oration rate (like isopropyl alcohol(IPA)) and dried by blowing nitrogen
gas.
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3.3.4 Materials for Multiphoton Fabrication
Different photoresists have been investigated for two photon lithography due
to their respective advantages. Many of the resists are based on mixtures of
different photo-initiators, monomer or oligomer and radical quenchers. The
photochemistry of the resists plays an important role in the achievement of sub-
diffraction resolution and the physical properties influence the rigidity and us-
ability of the two-photon structures. In our case, we chose to focus on using SU-
8 photoresist for two photon lithography during the course of this thesis. SU-8
photoresist was introduced commercially by MicroChem in 1996.[63] SU-8 is a
negative tone, chemically amplified resist consisting of acid-labile groups and a
photoacid generator. SU-8 photo-polymerizes through cationic polymerization
route discussed above.
SU-8 is commercially available in many different series such as SU-8 2000,
SU-8 3000 and Nano SU-8 from MicroChem. These formulations are designed
to obtain a certain film thickness ranging from 2 to 300 µm in a single run of
spin-coating process. For our purpose, we utilized SU-8 2025 for making our
structures typically with heights ranging from 10 to 20 µm.
Typical spin-coating parameters for SU-8 2025 resist are listed below :
1. Spreading: 500 rpm for 10 s, acceleration 112 rpm/s
2. Final Step: 2000 rpm for 30s
The advantages of using SU-8 for multiphoton microfabrication are discussed in
[64]. SU-8 is known to have high cross-linking performance. It is compatible for
high aspect-ratio lithography because of improved side-wall straightness. SU-8
is well suited for biological and chemical application due to its high chemical
and thermal resistance. SU-8 is highly transparent in the near-infrared region
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making it ideal for two-photon lithographic applications. Fig. 3.12 is the spectra
for two photon excited fluorescence from SU8-2025 in our setup.
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Figure 3.12: Two photon excited fluorescence from SU8-2025 in our setup.
Excitation laser beam has 800 nm peak wavelength.
3.3.5 Choice of Substrates
Typically, in a two photon lithography system, glass or quartz cover-slips are
used for fabrication. However, since our main interest was to explore two pho-
ton lithography for the mid-infrared(MIR) and terahertz metamaterials, double
side polished(DSP) high resistivity(1-10 Ωcm) p-type Silicon were used as sub-
strates. These substrates were chosen since they have good transmission in the
MIR and THz bands. Glass and quartz cover-slips are more suitable for meta-
materials operating in visible or near-IR spectral bands.
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3.4 Control Softwares and Algorithm Development
Motion Composer(Fig. 3.13) is the proprietary software provided by Aerotech
as part of A3200 Ensemble to control the stages and also execute AeroBasic
codes. AeroBASIC is the native programming language of the controller. CNC
based G-Code can also be used to control the stages.
Stage Control 
Program Editor Explorer 
Input/Output 
Figure 3.13: Motion Composer: Proprietary software provided by Aerotech
for stage control and AeroBasic program execution.
In order to facilitate the fabrication process, a control software, PhotonSculptor,
was developed by the author to enable easy fabrication of common structures
with variable parameters. The primary aim of the software is to control the
stage motion, switch the laser beam through AOM, change the laser power and
monitor the location of focal spot via a confocal photodiode. This control is
achieved through different analog input and output ports provided by Aerotech
NPaq controller. PhotonSculptor was written in C++ by the author in Qt Inte-
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grated Development Environment(IDE) which enables cross-platform software
development.
Figure 3.14: Front-end of PhotonSculptor: Custom designed software for two
photon lithography at OMAD Laboratory.
3.4.1 Basic Look of the software
Fig. 3.15 delineates the relationships between different hardware elements and
the Aerotech NPaq controller. The XYZ stages are given different motion con-
trol commands and their positions are measured using linear encoders within the
stage to 1 nm precision. The confocal photodiode is connected to an analog in-
put channel of NPaq whose voltage could be monitored at different z-positions.
Laser switching is handled by an analog output channel of NPaq which sends
TTL output to AOM turning it on or off.
The Photon Sculptor software(Fig.3.16) is composed of four main views or user
interfaces(UIs), namely,
1. Exposure UI: Controls stages and runs the scripts
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Power  
Control 
Aerotech NPAQ Controller  
Aerotech A3200 Ensemble 
AOM  X,Y,Z Stages 
Confocal 
Photodiode 
Figure 3.15: NPaq Control Diagram This diagram shows the relationships
between the Aerotech NPAQ controller and other elements of the TPL setup.
NPAQ drives the XYZ stages and receives position feedback from the encoder.
It also reads the confocal photo-diode’s output through analog input needed to
calculate the z-position of the focal spot. It controls the AOM using TTL signals
from its analog output.
2. File Morph UI: Convert BMP and other formats to scripts
3. Script Editor UI: Edit scripts and include basic design structures directly
into the code
4. Batch File Sequencer UI: Handles batches of multiple files for multiple
exposure
3.4.2 Exposure UI
Exposure UI controls the stage and executes the scripts called .pgm files. These
scripts are written in AeroBasic code from based on ASCII mnemonics control-
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Figure 3.16: Structure behind Photon Sculptor software : The four differ-
ent modes are, namely, Exposure, FileMorph, Script Editor and Batch File Se-
quence serving different purposes.
ling the stage parameters and motion. Basic stage control shows the position
and velocity feeds from the stage updated every 100 ms. The step moves for
manually positioning the X,Y, Z stages are provided to the end user. The veloc-
ity control boxes can change the velocity of the different axes. The script tab
shows the script being executed and the line being executed is highlighted in
yellow.
Exposure parameters can be varied using the settings on the left side and a new
script can be generated manually after updating the numbers.
3.4.3 File formats and File Morph
Photon Sculptor can accept different kinds of files for fabrication. It can directly
execute the AeroBasic code(.PGM file) which is the standard programming lan-
guage for controlling Aerotech stages. Besides PGM, two native formats TPP
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and MPP were developed to save the motion control data. TPP file format is a
binary file format used for single exposure wherein a list of coordinates (x,y,z)
are stored along with a fourth parameter called the laser bit which stores the
laser on/off flag. The list is converted into a PGM file automatically after the
user enters the initial coordinates, scan speed, blank speed and the scaling fac-
tor. MPP format is for multiple exposures which stores in addition to coordi-
nates and laser parameter. File Morph(see Fig. 3.17) is used for converting
monochrome bitmaps into raster scanning scripts which can be implemented on
the two photon lithography station. It can also integrate multiple BMP files in
a folder to form a three dimensional object by repeating raster scanning layer-
wise. FileMorph will be extended to handle STL for easier fabrication of 3D
metamaterials in future.
Figure 3.17: FileMorph: A tool for converting BMP files into codes for making
the structures
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(a) Raster Algorithm (b) Vector Algorithm
Figure 3.18: Algorithms used in TPL: Raster algorithm has longer execution
time but result in a rigid structure. Vector algorithm has smaller execution time
but results in a weaker structure.
3.4.4 Raster Method and Vector method
In our software, we used monochrome bitmap as the choice of file for do-
ing raster scans. Any black and white bitmap is first converted or saved as
monochrome bitmap. The program then rasters the bitmap such that laser writ-
ing is done sequentially line by line. Fig. 3.18 are the schematics for these two
algorithms used in TPL.
In the vector method, we directly feed the designated vector coordinates to the
stage controller for customised laser paths. This kind of customization allows
us to reduce the fabrication times by a large factor.
3.4.5 Script Generation tools
In the script generation tool page, the user can automatically generate different
basic structures by defining their parameters. Fig. 3.19 is a screenshot of the
Script Generator. In the present program, the different designs implemented are
rectangles, circles, arcs and helices. The user is also allowed to define array of
these structures and also define in case of 2D structures, whether they should be
filled or not.
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Figure 3.19: A tool for making the scripts for some of the basic structures.
3.5 Calibration
3.5.1 Power Fluctuations of the laser
Typically a laser does not have stable power output all the time. The output
varies as a function of time and also depends on multiple number of factors
such as ambient humidity, temperature and current fluctuations. We recorded
the output of our laser for a period of few hours to find out the stability. The
results are shown in Fig. 3.20. As seen from the graphs, the laser power does
not change more than 1% within few hours. The data sheet for MIRA-900 also
states that the power stability of the laser is within 2%.
3.5.2 Power Calibration: Periscope to objective
In order to estimate the right amount of dose administered to the sample, the
power obtained at the objective was calibrated with respect to power measured
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Figure 3.20: (a)Laser power measured using Newport power meter(1830C)
over a period of 80 minutes.(b)Relative change(in percent) in the laser power
before the periscope. This helps to estimate the power at objective during the
laser writing when it is inconvenient to place the detector head under the objec-
tive. A typical calibration curve is presented in Fig. 3.21 where the measured
curve can be perfectly fitted with a linear curve.
3.5.3 Dose Tests
For identifying the optimum dose for making structures, different kinds of dosage
tests were conducted. The dose is determined by the scan speed, laser power, as
well as voxel spot size. In our study, the dosage test was done with mesh grids
written with different speeds and powers. Based on the substrate, objective and
resist, the optimum value changes. The resolution using a 60× objective was
estimated to be about 280 nm with about 1.0 mW power at the objective.
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Figure 3.21: Typical power calibration curve for TPL. Laser power was mea-
sured using Newport power meter(1830C) at the objective focus and before the
periscope.
3.6 Results with test structures
3.6.1 Dry Lens
Grids, Rings, Split Rings, Helices
Grids were written to assess the lateral resolution of our system. Typically for
the same voxel size, the dose was varied in two different ways, by changing the
scan speed and laser power. Fig. 3.22 shows the plane view and titled SEM
images of grids. The basic elements such as rings and split rings have been also
fabricated as shown in Fig3.23 and Fig3.24.
Apart from the basic structures shown above, more complicated structures have
been fabricated. Fig 3.25 shows the titled SEM images of helices that have been
fabricated by TPL. These helices have a radius of 5 µm and pitch of 15 µm.
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Figure 3.22: Plane and tilted SEM images of Grids fabricated using TPL. The
scale bar is 1 µm for all except it is 10 µm for the bottom rightmost image.
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Figure 3.23: Plane and tilted view SEM images of rings fabricated using TPL.
The scale bar is 100 µm for the upper left image, 1 µm for the lower left image,
and 10 µm for the two images on the right.
67
Chapter 3. Two Photon Lithography
(a) (b) 
(c) (d) 
Figure 3.24: Plane and tilted view SEM images of split rings fabricated using
TPL. The scale bar is (a) 1 µm; (b) 10 µm; (c) 10 µm; (d) 10 µm.
BMP rasterization
Using the FileMorph mode of PhotonSculptor software, BMP file can be con-
verted into an AeroBasic program. This program can then be used to replicate
the BMP in SU-8. The input BMP file must be a binary bitmap with high resolu-
tion. Typically, a scale of 1 µm = 4 pixels is used assuming the dry lens(60×) is
being used which has lateral spot-size of 0.5 µm. Fig 3.26 and 3.27 demonstrate
the ability of our setup to fabricate structures by BMP rastering process.
3.6.2 Oil Immersion Lens
Oil immersion objectives have higher numerical aperture(N.A.> 1.3) than pos-
sible with just air-based objectives due to the higher refractive index of the oil
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Figure 3.25: Helices fabricated using TPL having a radius of 5 µm and pitch of
15 µm written with a speed of 10 µm/s and input power of 100mW. The scale
bar is 10 µm for the images except for the last image it is 1 µm
.
Figure 3.26: An example for BMP rastering process: BMP file with a dragon
head was written using a dry objective 60X in SU8 on a glass cover-slip. (a)SEM
image of the dragon head.The scale bar is 100 µm. (b) Design superposed on the
SEM image to show the accurate reproduction.(c)A close up view of the edges
marked by the red rectangle in (b). The scale bar is 10 µm. (d) Close-up view of
the design for the same region as (c).
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Figure 3.27: Other examples of TPL (a)SEM image of a tiger(b)SEM image of
Hindu Om symbol.The scale bar is 100 µm.
in which the objective is dipped. The immersion oil used has a refractive in-
dex of 1.516 which is close to that of glass. In TPP, oil immersion is used to
obtain more intense focus and thus structures with higher resolution. The fol-
lowing test structures including woodpile and helices were made using the oil
immersion lens. Fig. 3.28 (a, b) shows the titled and plane view SEM images of
woodpile structure fabricated by oil immersion lens. Fig 3.28 (c, d) shows the
magnified view of (a,b).
Fig. 3.29 (left, right) shows the titled and plane view SEM images of helices
fabricated by oil immersion lens.
3.7 Challenges in TPL
3.7.1 Fringes
When a dry objective is used for fabrication, fringes are observed parallel to the
susbtrate. These fringes however disappear when oil immersion is used. The
fringes are clearly seen on the side walls of the tiger structure(Fig. 3.30(a,b)).
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Figure 3.28: Woodpile made by oil immersion lens. The scale bar is (a) 1 µm;
(b) 10 µm ; (c) 1 µm; (d) 1 µm.
Figure 3.29: Helices formed by Oil immersion Lens. The scale bar is 1 µm .
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These fringes are attributed to standing waves caused by interference between
incident and reflected beams within the resist. This interference results in a
modulated side wall. The reflection is particularly strong in case of polished
silicon substrates having Fresnel reflectivity of about 40%.
3.7.2 Shrinkage
In TPL, the shrinkage of photoresist after development is a frequent problem. In
literature[63], SU-8 is reported to have a shrinkage of 7% which is considered
quite low. However, it still affects the quality of produced structures and must
be accounted for in the design. The presence of right amount of solvent within
the resist is key to achieving stress-free, rigid structures. The soft-bake is con-
ducted before exposure to remove the excess solvent and reduce the spin-coating
related problem such as edge bead or air bubbles trapped in the resist. Soft bake
times are very crucial in determining the amount of solvent. If the resist gets
completely dry, the diffusion of ions is restricted and the polymerization may be
inhibited by the rigid lattice structure. If the resist contains excess solvent, the
diffusion of photoacid may be too much and could lead to poor resolution. Fig.
3.30(b) shows shrinkage of top part of the structure leading to deformation.
3.7.3 Scanning Problems
During fabrication, if a wrong scale size is chosen, then the resulting structure
may have corrugated features as in a trapezoidal SU-8 prism shown in Fig. 3.31.
Also, if the scanning speeds are high(in this case 1 mm/s), the stages experience
jerks which could lead to kinks in different parts of the structure. One can notice
that there is a ridge formed at the center of the trapezoidal prism.
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Figure 3.30: Problems in TPL: (a)Fringes on the sides walls of the tiger struc-
ture, (b)Fringes seen on the lower part of helix written with dry lens; the scale
bar is 1 µm in both figures. (c)Shrinkage of SU-8 on top of Om structure,
(d)Shrinkage resulting in a slotted ring written using dry lens TPL.The scale
bar is 10 µm for both figures.
Figure 3.31: Scanning Problems leading to corrugated features and kinks seen
in a trapezoidal prism written using our setup. The scale bar is (a0 100 µm; (b)
10 µm; (c) 10 µm; (d) 1 µm.
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3.7.4 Structural Collapse during resist development
After resist development, the structures are rinsed with isopropyl alcohol(IPA)
and left for drying. During this drying process, the evaporating solvent exerts
great force on the structures leading to their collapse. This is shown in Fig3.32
where the helices collapse due to capillary forces during evaporation of solvent.
Even though the structures have good rigidity, the solvent force could be strong
enough to topple the structures.
Some research reports suggest use of water to mitigate the effect because of the
strong hydrophobicity of SU-8 whereas some recommend alcohol-water mix-
tures to achieve the best results.[63] Some research has also advocated the use
of hexamethyldisilazane(HMDS) for rinsing because of its even lower evap-
oration rate compared to that of IPA. Critical point drying(CPD) could also
help in reducing the evaporation induced structural collapse completely because
the solvent(generally ethanol) could be evaporated by pressure induced phase
change.However, CPD takes a lot of processing time and quite expensive.
3.7.5 Focal Plane Alignment Test
In the beginning of experiment, the sample needs to be levelled to ensure that the
spot-size does not vary along the same z-plane. We have used an XY alignment
stage for levelling. For levelling, the sample is focused to obtain the laser spot at
the air-glass interface. After this, the X-axis is scanned across the length of the
sample and the X align screw is turned to ensure the spot size does not vary as
the X-axis moves. The same procedure is repeated with Y-axis. This alignment
ensures that sample is planar within a micron over 1mm2 area.
If the sample is not aligned, then the structures could either get dislodged dur-
ing development or never polymerize because of writing within the substrate.
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Figure 3.32: Capillary forces during evaporation of solvent(isopropyl alcohol)
leads to collapse of the helix structures. The scale bar is 10 µm.
Examples of bad sample uniformity and plane alignment are presented in Fig.
3.33 where half of the structure did not polymerize.
In order to make the process of plane alignment easier, one could use the reflec-
tion of laser beam to measure the degree of tilt and quantify it using a photode-
tector measurement. Based on the reflection values recorded at three different
points of a sample, the design could be transformed to a new axes system to
account for the tilt with respect to focal plane.
3.7.6 Positional accuracy for the system
The positional accuracy depends on the stage accuracy and repeatability. In
our case, Aerotech ABL-1000 stages have high accuracy(encoder resolution 1
nm) and good repeatability(±50 nm). After fabrication, the structural distances
were measured under SEM to check whether the feature sizes were satisfactorily
reproduced.
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Figure 3.33: Poor focal plane alignment could lead to incorrect fabrica-
tion.(a)The figure on the left is Olympics logo which could not be reproduced
due to uneven stage with respect to objective focal plane.(b)The figure on top-
right is a woodpile structure whose layers were not too close. (c)The third exam-
ple is that of the helix array where the focal plane of objective was miscalculated
which led to laser writing within the substrate leaving behind only the top of the
polymer structures.
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3.8 Metallization of Polymer Structures
Since two photon based polymerization is limited to polymers in general, a lot of
research has been devoted to the metallization of polymer structures. The metal-
lized polymer structures can be used in different applications such as metamate-
rials or micro-electronic components such as inductors. One of the approach is
to use a positive resist for which the exposed part gets dissolved in the developer
after exposure[26]. The other approach involves functionalizing the photoresist
to make it more hydrophilic than the substrate[27]. In our research group, pre-
viously, Yan et al[3] developed a selective electroless silver plating process for
coating only the polymer structures and not the substrate.
Selective Electroless Silver Plating
Metamaterials are essentially metallic structures where metal plays a definitive
role in imparting the interesting features of the metamaterial. To make polymer
structures work as metamaterials, they must be silver coated using electroless
plating. In electroless plating, the sample is dipped in Tollens’ reagent (mixture
of silver nitrate solution and ammonium hydroxide solution until the solution
turns clear). Then, a reducing agent like glucose is added which leads to precip-
itation of silver on the walls of the beaker and on the sample surface.
2[Ag(NH3)2]
+ +RCHO+ 2OH− → 2Ag + RCOOH+ 4NH3 +H2O (3.6)
However, the substrate is prone to be coated along with the polymer structures.
The sample coated thus is rendered unusable. The selective silver coating tech-
nique developed in our lab however can coat the polymer excluvisely leaving
the substrate untouched. This technique involves a pre-treatment of the sample
using plasma cleaner which improves the silver binding action of the polymer
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Figure 3.34: Mechanism behind Selective Electroless Silver Plating. Two-
photon polymerized SU-8 structures are treated with air plasma followed by
traditional silver electroless plating. Previously, the structures were written us-
ing BMP Rastering technique making it difficult to make large array of helices.
The figure is adapted from [3].
but inhibits precipitation of silver on substrate. The mechanism of silver electro-
less plating is illustrated in Fig. 3.34(a-c). Fig. 3.34(d) and (f) shows two SU-8
structures before silver coating, while Fig. 3.34(e) and (g) are their respective
SEM images after silver coating.
Metallized Helix
Using the current setup and vector algorithm for helices, we can make helix
structures much faster and hence make larger arrays without any problem. These
new helix structures were coated with metal using the recipe mentioned above.
The following figures demonstrate the technique’s ability to coat arbitrary 3D
structures with silver metal of different thickness. In Fig. 3.35, pristine polymer
helix is compared with coated helices which were immersed in silver nitrate-
ammonia solution for 25 and 50 seconds. Longer immersion time results in a
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Figure 3.35: Helix structure with no coating, 25s coating and 50s coating.
Figure 3.36: Silver Coating on the edge of helix
thicker coating. Fig. 3.36 shows the coating quality on the edge of a helix. The
coating is quite smooth and uniform as previously reported in the publication
from our group[3].
3.9 Conclusion
This chapter discussed the setup of a home-made two photon lithography system
for enabling fabrication of 3D metamaterials. As a new type of LDW, TPL
has developed from the initial proposal of two photon absorption theory into
state of art high performance 3D high resolution manufacturing technique. Due
to its unique advantages TPL has been widely used for various applications.
The software and algorithms have been developed to control the setup. Various
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3D structures such as grids, helices, woodpile, and complicated patterns such
as tiger, dragon and om have been fabricated in SU-8 resist. Using selective
electroless silver plating process, these structures are coated with silver to be
further used as metamaterials.
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CHAPTER 4
Terahertz Time Domain Spectroscopy and
Imaging
But soft! what light through yonder window breaks? It speaks, and
yet says nothing.
William Shakespeare
Romeo and Juliet, Act 2, Scene 2
In this chapter, we introduce the technique of terahertz time-domain spectroscopy
and discuss the development of a terahertz spectrometer for transmission spec-
troscopy.
4.1 Background
We have already discussed the history of research in terahertz radiation in the
Chapter 1. Terahertz spectroscopy is very important part of THz research as it
has many applications in fingerprinting chemical and biological samples. Spec-
troscopy could also help identify the composition of substance without destroy-
ing it or changing its properties. Here we will limit to the review of research in
static terahertz spectroscopy. The first demonstration of terahertz spectroscopy
was reported by Fattinger and Grischkowsky in their paper where they used a
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colliding pulse mode-locked dye laser to drive the dipole antennas. The THz
beam was used for detection of water vapor which was the most accurate mea-
surement to that date[65] Later, the development of THz-TDS was closely re-
lated to the ultrafast laser technology.
The alternative method of driving the antennas is to use emission of two inde-
pendent single-colour lasers or a single two-colour laser[66]. These antennas
were called photomixers and yielded CW terahertz radiation.
THz time domain spectroscopy is slowly gaining wide usage for characteriza-
tion of metamaterials, strongly correlated systems, and other interesting materi-
als exhibiting charge transport in these frequency regimes. Although, the name
is a bit of a misnomer, the technique as such does not measure transient decay
responses of a material. The technique instead, just records data in time-domain
and then, the data is Fourier transformed to obtain the frequency spectrum. A
typical THz-TDS setup consists of a generator and detector with an optical de-
lay line. In the following section, we discuss different kinds of generation and
detection mechanisms of free-space terahertz beams. After that, we will elabo-
rate on the development of a terahertz time-domain spectrometer as part of this
thesis.
4.2 Generation and Detection of THz pulses
Terahertz light as discussed in Chapter 1 is not easy to generate and detect as
this lies in the blind eye region of the electromagnetic spectrum. Terahertz
sources, detectors and manipulators are still an active area of research inves-
tigation. There is a gamut of techniques for generating CW and pulsed THz
radiation. For sake of brevity, we would limit ourselves to the discussion of
techniques for generating and detecting pulsed THz radiation. Terahertz pulses
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could be generated and detected in different ways as discusses in the later sec-
tions.
4.2.1 Photoconductive switches or antennas
The photoconductive(PC) antennas are most commonly used components for
generation and detection of terahertz radiation. As shown in Figure 4.1(a), in a
PC antenna, the femtosecond pulses are down-converted to terahertz pulses by
virtue of the electric field induced acceleration of the photoinduced carriers gen-
erated in LT-GaAs substrate. The infrared femtosecond light creates carriers in
LT-GaAs(low temperature grown GaAs) because the photon energy exceeds the
bandgap energy. These carriers are subject to intense voltages between closely
spaced gold electrodes and undergo acceleration. This transient acceleration
gives rise to THz transients.
Figure 4.1: (a)PC Emitter When the ultrashort pulse is incident on the pho-
toconductive dipole antenna, the antenna emits THz pulse due the transient
electric current(J(t)) generated on the surface of the semiconductor because
of strong . (b)PC Detector When THz pulse falls on the PC antenna, the slowly
varying electric field of THz pulse provides a weak dc bias to the electrodes.
This electrical bias is received by the optically generated electron hole pairs
which move according to bias and a current reading is recorded by an ammeter.
The modelling of photoconductive antennas was first reported by Jepsen et
al[67]. They used a simplified Drude Model to explain the optoelectronic be-
haviour of the photoconductive antennas. In a semiconductor, the photo-generated
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current can be expressed as follows :
jem(t) = P (t)⊗ [nem(t)qvem(t)] (4.1)
where jem(t) denotes the current, P (t) is transient induced polarization, nem is
the optically generated charge carrier density, q is the charge of the carriers, and
v is the velocity of the charge carriers.






where τc is the trapping time and G(t) describes the free carrier generation by
the fs pulse.










where τs is the momentum relaxation time, m∗ is the effective mass, and Emol
is the electric field at the position of the carriers, given by
Emol = Ebias − Psc
ηϵ
(4.4)
where Psc(t) is induced time-dependent space-charge polarization whose time






where τr is the recombination time, n is the carrier population, e(= 1.602e −
19C) is the electric charge and v is the velocity of the carriers. Inserting eq. 4.4
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into 4.3 and taking the time derivative and using eq. 4.5, we obtain the following















where the plasma frequency is defined as ωp = nfe2/m∗ϵ. Solving the last two
coupled equations , we can obtain the complete information about the terahertz
pulse emitted by a photoconductive antenna. These equations were simulated
using a Matlab program for the parameters given as under : τp = 200 fs; τc = 5
ps; taur = 3 ps; τs = 100 fs; meff = 9× 10−23 kg; Ebias = 40V/5µm;
As explained earlier, the THz electric field transient is dependent on the change
in carrier density and electric polarization within the crystal as seen in Fig. 4.2.
Figure 4.2: Simulation of a photoconductive antenna using the equations and
parameters in the text. Note the formation of THz electric field as the electron
population decays.
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4.2.2 Detection using Photoconductive Sampling
One of the ways to detect THz pulses is to use photoconductive sampling tech-
nique. Unlike the THz emitter antenna, the detector antenna is not biased by
an external voltage supply. Instead, the THz pulses supply the electric field re-
quired to drive a photocurrent in the antenna. Figure 4.1(b) shows the schematic
of a photoconductive detector. When a THz pulse falls on the PC antenna, the
slowly varying electric field of THz pulse provides a weak DC bias to the elec-
trodes. The optically generated electron hole pairs generate a current due to this
weak bias. Therefore, the photocurrent in the antenna circuit is a convolution of
the electric field picked up by the antenna and the transient carrier generation





where j(t) is the detected current, ETHz(t) is the THz field strength, g(t − τ)
is the transient carrier density. From this equation, it is observed that in order
to reproduce the terahertz pulse effectively, g(t − τ) should have the form of
a δ-function. This means materials with very short carrier lifetimes(typically
<0.5 ps) are preferred.
4.2.3 Optical Rectification
Terahertz generation using optical rectification utilizes second order nonlinear
optical process. It involves difference frequency generation with a frequency
difference close to zero. Ultrashort pulses are typically used to generate THz
from electro-optic(EO) crystals through optical rectification. If E(r,t) represents
the optical field from the femtosecond laser, the dielectric polarization induced
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within a non-linear crystal by E(r,t) can be expressed as :
P(r, t) = χ(1)(r, t)E(r, t) + χ(2)(r, t) : E(r, t)E(r, t)
+χ(3)(r, t) : E(r, t)E(r, t)E(r, t) + ...
(4.8)
Considering only the second order effect arising due to χ2 second order suscep-
tibility of the crystal,
P (2)(t) ∝ χ(2)E(t)2, (4.9)
If optical field comprises of two different frequency components, then it can be
expressed as :
E(t) = E1e
−jω1t + E2e−jω2t + c.c., (4.10)
Therefore, the second order induced polarization is given by







Since femtosecond pulses are broad in their bandwidth, any two frequency com-
ponents contribute to difference frequency generation. The sum of all contribu-
tions gives rise to THz radiation with broad spectral bandwidth ranging from
DC to a few THz. The spectral bandwidth of this THz generation scheme ex-
ceeds most of other schemes. The THz electric field is fundamentally related to





Typically, Zinc Telluride (ZnTe), Gallium Phosphide (GaP) crystals are used for
optical rectification because of their high electro-optical coefficients, r41 = 3.9
pm/V and 0.97 pm/V respectively. Both ZnTe and GaP have zincblende struc-
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ture and 43m crystal symmetry. For efficient generation and detection of THz
radiation by optical rectification and the Pockels’ effect, single crystals with
high second-order nonlinearity or large electrooptic coefficients are desirable.
The crystals must have proper thickness and proper orientation with respect to
the linear polarization of the THz radiation. The surfaces of the crystals should
be optically flat at the laser excitation wavelengths and of high crystalline qual-
ity (low levels of impurities, structural defects, and intrinsic stress).
The THz bandwidth from this technique depends on the exciting femtosecond
laser’s pulsewidth and material’s coherence length and optical phonon reso-
nances. Infrared active optical phonon resonances can have a very strong ab-
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Figure 4.3: Photo-Dember effect in a narrow band-gap semiconductor: (a)First,
the optical pulse generates the photo-carriers in a confined volume. (b)Then, the
highly mobile electrons diffuse faster than holes limited by air-surface barrier
leading to formation of transient dipole moment. This transient dipole moment
causes THz emission.
One of the less common methods of generating terahertz is to use photo-Dember
effect named after H. Dember. The effect arises due to generation of localized
dipole moment at the surface of a semiconductor due to difference in carrier
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mobilities. When a laser pulse of energy higher than the bandgap of the semi-
conductor, electron-hole pairs are generated. The inhomogeneous distribution
of the photo-generated carriers at the semiconductor surface causes the elec-








where z is the distance from the surface of the semiconductor towards the bulk;
D is the diffusion constant given by D = kBTµ; kB is the Boltzmann constant;
T is the temperature and µ is the carrier mobility. The different diffusion speeds
between electrons and holes(see Fig. 4.3) lead to charge separation in the semi-
conductor and a transient photo-Dember field emission occurs. This transient
field causes THz generation. The photo-Dember effect competes with surface-
field acceleration in the semiconductor in their role for generating the terahertz
radiation. This effect however is more dominant in narrow band-gap semicon-
ductors such as indium arsenide(InAs) which have high mobilities and stronger
absorption.
4.2.5 Electro-Optic Sampling(EOS)
Figure 4.4: Schematic depicting electro-optic sampling using an electro-optic
crystal like ZnTe.
The THz field acts like a dc electric bias for the electro-optic crystal and changes
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the index ellipsoid of the crystal. The birefringence of the crystal changes and
can be monitored using the polarization of an optical laser beam co-propagating
with the THz wave through the crystal. The polarization change is converted
to intensity difference using an analyzer such as Wollaston prism. A balanced
photo-diode pair is routinely used to suppress the common laser noise and the
signal strength is doubled. For ZnTe crystal, the index ellipsoid on application
of an electric field is given as follows :
x2 + y2 + z2
n20
+ 2r41Exyz + 2r41Eyzx+ 2r41Ezxy = 1, (4.14)
where n0 is refractive index of the crystal without electric field, x, y, z are co-
ordinate units of the ellipsoid, and Ex, Ey, Ez are applied electric field along
corresponding axes, respectively. r41 is the EO coefficient of the crystal. A





where d is the thickness of the EO crystal and∆n is difference between long and
short axes of the ellipsoid. The phase delay in (100), (110) and (111) orientation
ZnTe crystal is












for (111) crystal (4.18)
Figure 4.4 is the schematic of electro-optic sampling using an electro-optic crys-
tal like ZnTe. In linear EO processes, the field induced phase delay is propor-
tional to the applied electric field; thus the EO coefficient of certain EO crystals
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can be represented by halfwave field Eπ of the crystal, which is defined as the
minimum electric field to achieve π phase delay in certain EO crystal with unit






The signal of the balanced detector is given by
S = I0 sin(2φ) sin Γ ≈ I0Γ sin(2φ) (4.20)
where I0 is the probe laser intensity and φ is the angle between the probe beam
polarization and the long axis of ellipsoid induced by THz field. In this way, the
signal generated by electro-optic sampling measures the THz pulse.
4.3 Terahertz Time Domain Spectroscopy
4.3.1 Working Principle
Based on the many generation and detection principles discussed in the previous
section, we have the liberty to choose different schemes to make the spectrom-
eter. The spectrometer is composed of mainly three components: a broadband
terahertz source, a broadband detector and focusing and collimation optics. Our
spectrometer is composed of photoconductive antennas for generation and de-
tection and polymer lenses for collimation and focusing.
As illustrated in Fig. 4.5, the working principle behind time-domain spec-
troscopy is that a slowly varying terahertz pulse(0.5-1 ps) is traced at differ-
ent points of time using a time gated ultrafast optical pulse(100 fs). An optical
delay line delays the femtosecond optical pulse(probe) temporally with respect
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Figure 4.5: Working principle of THz time-domain spectroscopy
to THz pulse generated by the emitter antenna. The detector antenna records
the photocurrent generated by the electric field THz pulse only when the op-
tical pulse generates the carriers within the detector antenna. The bias of the
emitter antenna is alternated at a high frequency (1.7 kHz) to modulate the THz
signal. This modulation helps in recovering the signal buried in noise by using
a Lock-in Amplifier (LIA). Once the time-domain signal is recovered, Fourier
transformation is performed to calculate the corresponding frequency spectrum.
4.3.2 Experimental Setup
In our lab, we have set up a home-built THz Time Domain Spectrometer em-
ploying two photoconductive antennas. The Coherent MIRA-900 Ti:Sapphire
oscillator generates 800 nm femtosecond pulses with a pulse duration of 150 fs
at a repetition rate of 76 MHz. This pulse train is split into two paths using a
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pellicle beam splitter(45:55) such that both beams have equal optical power of
about 10 mW. One of the split pulsed beam is optically delayed using a retro-
reflector mounted on a motorized stage. This beam is then incident on a photo-
conductive antenna which acts as an emitter. The other optical beam has fixed
beam path and is incident on another photoconductive antenna used for detec-
tion. The emitter antenna is modulated with an alternating bias at a frequency
provided by the internal oscillator in SR830 LIA. The detector antenna’s out-
put is connected to a trans-impedance amplifier(Femto DLPCA-200) which is
in turn connected to the LIA. As the pump beam is delayed, the signal from
detector antenna is recorded as a function of delay time. The typical signal and
spectrum are shown in Figure 4.8.
M1





















Figure 4.6: Schematic of THz-TDS in OMAD lab
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Figure 4.7: Photograph of THz-TDS setup inside the purge box
Figure 4.8: On the left panel, a typical THz pulse waveform measured by our
setup is displayed. The Fourier Transform of the temporal curve yields the fre-
quency spectrum displayed on the right panel.
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4.3.3 Different parts of the THz-TDS Setup
Component List
• Mira-900 Laser
• 7x Femtosecond Mirrors
• 1 BeamSplitter
• 2x Antenna Holders(from Menlosystems)
• 2x Antennas(Tera 8-1 from Menlosystems)
• 2x Silicon lenses, 2x Lenses
• 4x HDPE Planoconvex lens(from Menlosystems)
• Hollow Retroreflector(1 arcsec repeatability, 25mm)
• Delay Stage(300mm,0.1 µm)
• Nitrogen Purge Box(custom made from Physics workshop)
Antennas
The photoconductive antennas(Tera8-1) were purchased from MenloSystems
with 5 µm gap, 20 µm dipole antenna. These antennas based on LT-GaAs(Low
Temperature grown Gallium Arsenide) film grown on semi-insulated GaAs sub-
strate. The antenna has 5 µm gap and could deliver THz pulses of 4 THz band-
width according to their datasheet. The antenna can be used as emitter or de-
tector. These dipole antennas need very precise alignment in order to get the
best performance. The alignment procedure is described in the appendix. The
figures 4.9(a),(b) are the optical micrographs of photoconductive antennas(from
Menlosystems) used in the experiments. The maximum average optical power
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which these antennas can withstand is about 10mW(assuming 100 fs pulses, 80
MHz repetition rate). During the experiments, one of the antennas got damaged
due to high optical power incident on it(see Fig. 4.9(c)).
Figure 4.9: Micrographs of photoconductive antennas purchased from Men-
losystems.(a)Overview of the antenna design (b)Close-up view of the dipole
structure of antenna (c) Close up view of a damaged antenna after incidence of
high optical power(> 10 mW).
Antenna Characteristics The photoconductive antennas were characterized for
their photoconductivity with a constant bias as shown in Fig. 4.10. Both the
emitter and detector shows the same linear photoconductive response for 29 V
bias when the input optical power increases from 1 mW to 9 mW.
Optical Delay Line
The optical delay line consists of a retro-reflector on a dc motorized stage. The
gold retro-reflector from Edmund Optics has 1 inch diameter and a minimum
beam deviation of 1 arc sec. The motorized dc-actuated stage ACT-115DL(from
Aerotech) has travel range of 150 mm and has minimum resolution of 0.1 µm.
The stage has maximum speed of 5 m/s. The photograph of the optical delay
line in our lab is shown in Fig. 4.11.
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Figure 4.10: Optical characterization curves for both the antennas showing
similar and linear photoconductive response for 29 V bias.
Figure 4.11: Photograph of the optical delay line: the hollow retro-reflector
mounted on a linear stage(ACT115DL).
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Trans-impedance Amplifier
To convert the low photocurrent from the antenna, a low-noise current-to-voltage
trans-impedance preamplifier(Femto DLPCA-200) was utilized. The preampli-
fier has a gain control ranging from 103 to 108 with maximum bandwidth of
about 500 kHz at a gain of 103 and 1 kHz at 108 gain.
LIA
A LIA(SR830) is used to extract very weak signals embedded in electronic and
other noises. In order to extract the signal, it incorporates the principle of phase-
sensitive detection. The signal is modulated at a fixed frequency and the detector
output is fed into LIA. The phase-sensitive detector (PSD) residing in the LIA
linearly multiplies the incoming time-varying modulated signal with the refer-
ence signal. Due to orthogonality of sine based functions, the multiplication
leads to rejection of frequencies other than modulation frequencies. This out-
put is now passed through a low-pass filter which removes all the higher noise
frequencies leaving a pure dc signal. The bandwidth of the low-pass filter is im-
proved by increasing the time constant of the filter. Higher time constant gives
better signal to noise ratio but has lower sensitivity to dynamic changes. The
operating circuit within a LIA is shown in Fig. 4.12.
SR830 has a local internal oscillator which provides sine wave signal of desired
amplitude and frequency. We utilize this reference frequency as an input for
the voltage modulator used for biasing our antennas with an alternating current.
Typically the following settings were used for lock-in detection.
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Figure 4.12: Schematic showing the operation of a Lock-in amplifier which
takes two inputs modulated signal waveform ESignal(t) and reference waveform
Eref (t) and multiplies them using the phase sensitive detector. Then, it applies
a low-pass filter which removes all the high noise-bearing frequencies to yield




Time Constant 30 or 100 ms
Slope 24 dB/octave
Dynamic Reserve Low Noise
Modulation Frequency 1.7 kHz
Table 4.1: Typical settings used for Lock-in Amplifier SR830.
High Voltage Modulator
We employed the high voltage modulator(ZOmega HVM-500USB) for biasing
antennas with an alternating voltage. A TTL based reference output from LIA’s
internal oscillator was connected to the HVM modulation input to provide mod-
ulation of about 1.7 kHz. The alternating voltage output from the HVM is set
using a software tool provided by the company. Since our antenna systems sup-
port only ±35V maximum bias voltage, a peak-to-peak voltage bias of Vpp =
60V was used for all our measurements. Fig. 4.13 shows the control software
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Figure 4.13: Software for controlling the high voltage modulator(HVM-500)
provided by ZOmega.
for HVM-500 that sets the applied bias voltage and the maximum load limit to
ensure the antenna does not draw huge current.
PI XY Stages
XY stages C-843(from PI) with a PCI-card based controller were used for posi-
tioning and imaging the samples within the setup. The stages have 25 mm travel
range, 1 µm step size and a maximum speed of 25 mm/s(see Fig. 4.14).
Nitrogen Purge Box
An acrylic purge box was designed and machined with the help of department
workshop. This purge box is large enough to support two different experiments.
A nitrogen gas cylinder supplied the dry nitrogen air required to purge the cham-
ber for the experiments. The relative humidity in the laboratory typically is
around 50-60 %. This humidity is high enough to show up as water vapour lines
in the THz spectra disabling us to obtain any spectral information around those
specific water lines. Fig. 4.15 shows the nitrogen purge-box designed and made
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Figure 4.14: PI C-843 XY stages mounted on a custom-designed L-shaped
mount used for XY positioning of samples used in THz-TDS setup.
Figure 4.15: A custom-designed purgebox for controlling the humidity of THz
experiments.
for controlling the humidity of the setup.
4.3.4 Software and Algorithm Development
A LabView code was designed to control the movement of the stage and acquire
the data from lock-in amplifer SR830. We have developed a software named
TeraScan for which the screenshot is shown in Fig. 4.16. Fig. 4.17 shows a flow
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Figure 4.16: Screenshot of Labview program developed for THzTDS spec-
troscopy
chart of the acquisition algorithm used in TeraScan. Two different algorithms
were adopted for getting a scan data:
1. Step-Capture: In this acquisition scheme, the delay stage moves a step
and the data is acquired from the LIA. Acquisition time depends on the
integration time of LIA and the number of points being acquired.
2. Move-Capture:In this acquisition scheme, the delay stage moves the com-
plete travel and the data is acquired from the LIA continuously. In this
scheme, acquisition time depends on the speed of the stage and sampling
rate. For rapid scans in terahertz imaging, this method is preferred.
4.4 Transmission Spectroscopy
In transmission spectroscopy, in order to obtain the spectrum of a particular
sample, a reference signal must be recorded to remove the effects due to source
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Figure 4.17: Acquisition algorithm used within TeraScan is illustrated in this
figure with the help of a flow chart.
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or system based spectral response. Typically, the pristine substrate, on which the
sample is prepared, is used for acquiring the reference signal. This is illustrated
in Fig. 4.18.
Figure 4.18: The transmittance of a sample is evaluated by acquiring the refer-
ence and sample spectra which are then processed later.
4.4.1 Basic Data Analysis in THz spectroscopy
In THz spectroscopy, the data analysis is very straight forward. First, the time-
domain spectra Er(t) and Es(t) for reference and sample are obtained, after












where α is the absorption coefficient, n is refractive index, d is thickness of the
target and c is the speed of light in vacuum.
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When the FFT is performed on time-domain data, the complex frequency do-
main output has amplitude and phase components. The phase data after Fourier
transformation has 2π jumps which can be removed using phase unwrapping.
4.4.3 Sampling and its effect on FFT
When we record the output of the detector at different positions of the delay
stage, we obtain a discrete time domain signal given by
En = E(n∆t), n = 1, 2, 3, ...N (4.24)
The sampling rate, f, is the reciprocal of the time interval ∆t. According to
Nyquist Sampling Criterion, for a signal to be adequately sampled, the sampling
frequency(fs) should be at least two times of the highest component frequency(fc)
in the signal. Therefore, fc is also known as Nyquist frequency or folding
frequency. When there are frequency components higher than the range of
−fc < f < fc, the power spectral density at these frequencies is shifted into
this range. This phenomenon, aliasing, can create artefacts in the frequency
spectrum because of discrete sampling itself.
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4.4.4 Spectral Resolution
The length(l) of the time-domain scan determines the spectral resolution(∆f )





where c is the speed of light in vacuum. The resolution can be improved by
scanning for longer pulse delays . Our major interest is to use THz-TDS for
characterizing metamaterials and similar samples where the substrate is sub-
mm thick. In these samples, often, the etalon effects due to the plane-parallel
substrate cause reflection peaks in the time-domain signal. In order to remove
the etalon effects from the spectrum, the reflection peaks are chopped from the
time domain data and only the first transmission peak is utilized for analysis.
Due to reduction in scan length, there is a degradation in the frequency resolu-
tion. In such a case, if we stick a few millimetre thick silicon block to the back
of the substrate, we can improve the spectral resolution. Numerical removal of
reflection peaks has been proposed by many groups to improve the frequency
resolution.
4.5 Results
4.5.1 Calibration for Spectrometer
In literature, many methods have been proposed to calibrate THz-TDS setups
for different parameters such as frequency, amplitude linearity. Here we list a
few techniques which we employed for calibrating the spectrometer and also
briefly mention the others which we have not used.
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Bandwidth, Dynamic Range(DR) and Signal to Noise Ratio(SNR)
Bandwidth is the region in which SNR is higher than a specific threshold. Dy-
namic range for the THz-TDS spectrometer is defined generally as the signal
above the noise floor in the spectrum when the noise floor is set to 1. The rec-
ommended procedure for estimating the DR and SNR of THz time-domain data
is as follows[68]:
1. Measure the time-domain trace and note the value of the peak maximum.
2. Measure the noise signal in the absence of THz, e.g., before the arrival of
the main pulse.
3. The mean signal in the absence of THz should be constant (zero for
electro-optic detection, non-zero for a photoconductive antenna). Cal-
culate its standard deviation.
4. DR=mean peak/SD of noise
5. SNR=mean peak/SD of peak
Frequency Calibration using etalon
Regularly spaced peaks across entire THz band could be used as frequency cal-
ibration standard. An etalon, essentially a plane-parallel sample, is inserted in
the THz beam and the echoes created by multiple reflections are utilized. A
commonly available high resistivity p-type Si, double side polished wafer was
used as an etalon. Fig. 4.19 schematically shows the principle of etalon effect
caused by internal reflections between polished surfaces of a thick slab.






Chapter 4. THz Spectroscopy and Imaging
Figure 4.19: Etalon effect: When a terahertz pulse enters a thick slab with









where n is the refractive index of the etalon and l is the thickness. The integer N
is the order of the peak. The amplitude transmission of an etalon as a function














: δ = 4πnlf/c (4.29)
4.5.2 Dependence of signal on different parameters
The THz signal obtained depends on various parameters such as the time con-
stant of the LIA, bias applied at the emitter antenna and the gain-bandwidth
relationship set by trans-impedance amplifier.
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Time constant set for the LIA has a major role in determining the noise levels
in the obtained spectrum. A lower time constant may lead to faster acquisition
time but would reduce the dynamic range of the spectrometer. Fig. 4.20(a, b)
shows time-domain spectra and corresponding frequency-domain spectra while
varying the emitter bias from 70 V to 50 V. The emitter bias voltage is linearly
proportional to the peak-to-peak THz power in time-domain spectra as shown
in Fig. 4.20(c).
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(c) Bias Voltage vs. peak-to-peak THz power
Figure 4.20: Effect of emitter bias voltage variation from 70 V to 50 V.
Mira-900 femtosecond oscillator has a prism compressor built in the cavity
which can be tuned to modify the pulse width. When the prism is pushed into
the laser path by using a knob, the THz amplitude can be affected in terms of
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how many turns the prism knob was turned. As shown in Fig. 4.21(a, b), when
the number of prism turns increases from 0 to 2, the peak to peak THz power in
time-domain spectra first increases then decreases, while the frequency-domain
data changes a little.
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Figure 4.21: Change in THz amplitude due to change in the MIRA-900 laser
prism turns
To remove the noise in measured data, a point averaging method by taking
multiple repeated measurement is suggested. Although the time-domain data
don’t show significant effects(Fig. 4.22(a)), the frequency-domain spectra is
smoothed after the point averaging(Fig. 4.22(b)).
4.5.3 Spectra for common materials
Water lines can be a big hindrance in measurement of THz-TDS spectrum of
some samples. But, they can also be used to calibrate the spectrometer. We
recorded the free space transmission spectra when the chamber is filled with
humid air(RH 50%) and dry nitrogen gas. The frequency-domain data is shown
in Fig. 4.23(a). Nitrogen purging effectively removes the water lines. The
water absorption lines are extracted from these two spectra taken before and
after the nitrogen purging, as shown in Fig. 4.23(b). The waterlines recorded
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(b) Frequency-domain data
Figure 4.22: Effect of point averaging on the data obtained from THz-TDS
from above spectra are listed in the right column of Table4.2, which shows very
good agreement with the literature data on the left. This serves as a calibration
tool for the spectrometer.
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(b) Water absorption
Figure 4.23: Water absorption lines extracted from the signals taken before and
after nitrogen purging.
TH-TDS setup described above has been used for measurement of common
materials. One example is to measure the refractive index and thickness of a
silicon wafer. The time domain spectra for both the reference and silicon are
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Table 4.2: Waterlines recorded by THz-TDS setup in comparison with the
literature data
shown in Fig. 4.24. With further analysis, we have extracted the refractive
index of silicon wafer for the frequency range below 4.6 THz, as in Fig. 4.25.
4.5.4 Polarizer
Terahertz linear polarizers have already been commercialized and brought to
market by a number of companies such as ZOmega and Tydex. We purchased
a wire grid polarizer from Microtech Instruments, Inc. The polarizer is made
of tungsten wires of 50 µm diameter and 20 µm spacing. The polarizers have
excellent transmission spectral range from 0.1THz to 3THz.
In Fig. 4.26, we show the change in terahertz signal with the change in polarizer
axis. The polar plot shows that the THz light emitted from the photoconductive
antenna is very linear and also the polarizer has a good extinction ratio. The
time-domain spectra have been measured by varying the angles of polarizer axis,
which is shown in Fig. 4.27(a). After further analysis, the frequency-domain
data are obtained, Fig. 4.27(b).
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Figure 4.24: Time-domain trace of terahertz pulse through Silicon
Figure 4.25: Measured Refractive index of Silicon vs. Frequency by THz-TDS
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Figure 4.26: Polarizer in THz-TDS setup follows the Malus Law and has very
good extinction ratio.
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Figure 4.27: THz-TDS results for different angles of polarizer axis.
4.5.5 Issues
A terahertz spectrometer is a very complex system and there can be multiple
issues which can reduce the overall performance of the system. Each component
has its own constraints which limit the specifications. For example, the laser
pulses in our case have a temporal width of about 150 fs. Shorter laser pulses
are desirable to obtain best bandwidth from a terahertz spectrometer. The power
stability of a laser also plays a key role in achieving high signal to noise ratio[7].
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We assume that the pulse to pulse variation is limited to less than 1%.
Besides the laser stability, the laser beam alignment significantly affects the
spectrometer response. Major beam pointing errors arise from the laser coupling
to antennas and optical delay line. The optical delay line cannot be aligned
precisely with a human eye. A position sensitive detector can be employed to
quantify the pointing stability of the reflected beam. For best results, a retro-
reflector with lowest beam deviation should be chosen. We chose a hollow gold
retro-reflector(Edmund Optics) with a beam deviation of 1 arc sec.
The antenna-beam alignment is critical to the angle of the incoming beam. In
order to get the best coupling, the beam must be parallel and central to the op-
tical axis of the focusing lens before the chip. This alignment also determines
output mode quality of terahertz free-space beams. The polymer lenses for colli-
mation and focusing must be aligned perpendicular to the beam and their height
differences must be corrected using the laser beam.
4.5.6 Summary of specifications
The final specifications for the THz spectrometer developed in this thesis are
listed in Table 4.3.
Group Parameter Value
Bandwidth < 2.5THz
THz Signal Dynamic Range 50 dB at 0.5THz
SNR 1000000
Delay Stage Length 300 mm
Max Delay (600 mm)2 ns
Table 4.3: Specifications of the THz-TDS setup
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4.6 Terahertz Imaging
Since THz radiation is similar to X-rays, Martin C. Nuss, one of the pioneers
of THz spectroscopy coined the word T-rays similar to X-rays. T-rays also can
be used for see-through imaging like X-rays. Terahertz imaging(also known as
T-ray imaging) is a non-ionizing, non-destructive imaging technique that uses
THz rays to image an object. THz band as opposed to visible and near-IR bands
can see through many commonly used packing materials such as cloth, plastics
and wood. This allows us to probe substances with sub-millimetre resolution
inside a packed object. This non-invasive nature of the THz imaging makes it a
very good candidate for evaluating explosives, old paintings and quality control
of manufacturing processes. The millimetre wave based security scanners are
regularly being used at airports in USA.
The first demonstration of a THz time-domain imaging system was given by Hu
and Nuss in 1995[70]. They used the system to record THz transmission images
of an IC chip and a leaf. The contacts inside the IC and the water content in the
leaf could be observed from the the T-ray maps. Since then, many alternative
methods have been proposed and demonstrated in the last two decades [71, 72].
Similar to X-rays, T-rays can be used for imaging the tomography of an object
based on the phase information of the scattered beams[73].
We will, however, focus only on THz time-domain imaging which was devel-
oped in this thesis. The following subsections describe the software and analysis
tools developed for THz imaging integrated into our THz spectrometer setup.
The development and advantages of THz imaging over other see-through tech-
niques such as X-rays are discussed. The working principle and the experimen-
tal setup are elaborated. To facilitate the acquisition of THz images, a software,
TeraImgur, was developed by the author using LabVIEW. The obtained data
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Figure 4.28: Working principle of the THz imaging
could be further analyzed in both time and frequency domain aspects. Finally,
various important aspects including scanning speeds, image resolution and con-
trast improvement are discussed.
4.6.1 Working Principle
Generally, when a pulsed THz system is used for sample imaging, every pixel
of image data has a spectrum attached to it as shown in Figure 4.28. . Therefore,
a time domain signal is recorded at every point of the sampling area. Processing
this signal using FFT, the spectral content can be obtained. By plotting the
image at different frequencies, we can obtain spectroscopic image of the object.
This not only helps us identify the object but also gives its composition based on
spectral fingerprinting. The only disadvantage of pulsed THz imaging is time
consuming due to the time involved in scanning three different dimensions,
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Figure 4.29: Accessory for THz Imaging: XY positioning stage is mounted on
a right angle L-plate on a manual positioning stage. The sample is mounted on
the XY stage so that the THz beam is focused on the sample.
4.6.2 Experimental Setup
The experimental accessory for THz imaging is built over the existing spectrom-
eter setup. A XY sample positioning stage is mounted with is placed at the focal
spot of the central pair of focusing lenses and aligned normally to the incom-
ing THz beam. Figure 4.29 shows a photograph of the experimental setup. We
utilized a PI 2D stage with a travel of 25 × 25mm and a resolution of 0.1 µm.
4.6.3 Software and Programming Methodology
To facilitate easy data collection and automation of the different equipment, a
LabVIEW VI was written named as “Teralmgur”. Figure 4.30 shows the front
interface of TeraImgur. The software design, outlined in Figure 4.31, com-
pares the two acquisition modes(Fast and Regular) in terms of hardware control
and data analysis. Fast acquisition mode is useful for a quick examination of
119
Chapter 4. THz Spectroscopy and Imaging
Figure 4.30: TeraImgur: Custom designed software for Terahertz Imaging
using LabVIEW.
the sample providing only amplitude information. Regular acquisition mode
records complete spectroscopic information for the sample and hence, takes
longer time to acquire.
Fast Acquisition Mode
The Fast acquisition mode of TeraImgur records the output of LIA at a fixed
delay position of the delay stage for a given area. The area is divided into a 2D
array of pixels having a step size set by the user. The XY stage rasters across
the given area and typically the time-delay is fixed at maximum of the time-
domain signal. This is quite fast(< 1 minute ) and could be used to obtain high
resolution images in low acquisition time. The software just stores the m × n
matrix containing the amplitude information for all the pixels in a text file.
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Figure 4.31: Software Design Structure of TeraImgur
Slow Acquisition
In the slow acquisition mode, in addition to XY stages and lock-in amplifier,
the delay stage needs to be controlled as well. The sample is moved in a raster
fashion and at every pixel, a THz time-domain trace is recorded. This increases
the acquisition time of the whole scan many times. It might take a few hours
for a slow scan to complete. It is advisable to choose only a small region of
interest for doing slow scan. Using slow scan, a wealth of data can be obtained
which could be analysed in different ways as discussed in the following subsec-
tion. Slow acquisition, therefore, gives the complete information of the sam-
ple including its composition(THz spectral fingerprint) and shape(transmission
map).In this mode, the software stores the time-domain trace as a text file for
ever pixel in a new folder in a sequential order.
4.6.4 Data Analysis
In the following subsections, the different methods of data analysis are de-
scribed. As highlighted before, TeraImgur can acquire data in two different
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modes: the regular and fast scan modes. The regular mode takes a lot of time to
execute as it stores an extra-dimension of data by moving the delay stage. This
makes it unsuitable for real-time imaging applications where composition of
substance is not so critical. In such cases, most often amplitude analysis of the
time-domain data suffices and provides transmission information without taking
a lot of time. Time-domain analysis could be done in the following ways:
1. Peak-Magnitude Analysis(PMA): In this type, the differences in peak
magnitude of each pixel determines the image contrast of the scan. It
is computationally simple and provides quick transmission map for a par-
ticular sample.
2. Peak to Peak Analysis(P2PA): This analysis method utilizes the peak to
peak amplitude of the time-domain trace as shown in Fig. 4.32. Since
peak-to-peak magnitude is larger than peak-magnitude, this technique of-
fers more contrast for the same transmission based imaging.
3. Fixed Delay Analysis(FDA): The fixed delay analysis uses the magnitude
at a specific time delay(or delay stage position) for all pixels to generate
a THz image. For homogeneous samples with regions of varying thick-
ness, this particular technique is best because it can differentiate thickness
based on the arrival of the incident THz pulse.
4. Frequency Domain Analysis(FDA) The frequency domain analysis(FDA)
involves converting the time-domain data to frequency domain data and
then, analysing the image at different frequencies. Generally, higher fre-
quencies have better resolution than the lower ones. But, the lower fre-
quencies have better contrast.
Figure 4.32 represents these three ways of time-domain analysis.
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Figure 4.32: Different types of time-domain analyses for THz image recon-
struction.
4.6.5 Results
A cardboard paper with punched holes(5mm diameter) was used as the object
for calibrating the THz imaging setup. This paper was affixed on the XY stages
with an extended arm to record the THz images. Both fast scan and slow scans
were performed on the same sample area to compare their performance. The fast
scan images are shown in Fig. 4.33a and 4.33b. The first one is the complete
scan area(25×25mm2) of the THz imaging setup. The latter image is the smaller
region of interest of about 10 × 10 mm2 with both bright and dark features for
the purpose of our analysis. This region was chosen as the sampling area for the
rest of the scans.
The slow scan was performed on the same region of interest. Then, both TD
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(a) Complete Scan Area(25× 25 mm2) (b) Smaller footprint( 10 by 10 mm2)
Figure 4.33: Fast Scan performed by TeraImgur to map the THz transmission
through a paper cardboard.
and FD analyses were performed. TD analysis results are shown in the figures
4.34, 4.35. A typical time domain-trace for the sample is shown in Fig. 4.34.
The time delay position of 14.16 ps was chosen for fixed delay analysis. On
comparison of the figures obtained from different time-domain analyses, one
can observe that the peak-peak magnitude analysis offers the best contrast whereas
fixed delay appears defocused.
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Figure 4.34: Time-domain data where the fixed delay was used
 
 













































Figure 4.35: Time-domain analysis maps of the sample
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Figure 4.36: Interpolated images of the time-domain analysis maps of the sam-
ple.
The interpolation of the images obtained from time-domain analysis could en-
hance the quality of image and also the contrast without affecting the time of
acquisition. The following images in Fig. 4.36 are interpolated from those in
Fig. 4.35. The interpolation was done using the Matlab method called interp2
with the spline fitting option. The data was interpolated by a mesh 4 times finer
than the original mesh. The resultant images look much smoother and are able
to still resolve the edges of two holes.
Finally, the frequency-domain analysis results are presented where the time-
domain data is converted into frequency domain and then, the sample images
at different frequencies are plotted. For the sake of clarity, one such example
of a frequency domain trace is shown in Fig. 4.37a where three frequencies
i.e. 0.24, 1.02 and 1.51 THz are chosen for the demonstration. The magnitude
of THz signal changes with frequency. At the lower frequencies(< 0.6THz)
where the beam is strongest, one can obtain the highest signal. This could be
seen in Fig. 4.37b plotted for f = 0.24 THz where the beam intensity is strong.
However, it is not well resolved. As opposed to this, the plot in Fig. 4.37c
at 1.02 THz is very well resolved and balanced in terms of brightness. Lastly,
Fig. 4.37d which is plotted at f = 1.51 THz is well-resolved but very weak in
brightness which could be impediment in recognition of an important feature.
Hence, one should compromise between resolution and the brightness of THz
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Figure 4.37: (a)THz Spectrum trace at a single pixel of the sample where three
chosen frequencies are highlighted.(b)Frequency-domain image at 0.24 THz
(c)Frequency-domain image at 1.02 THz(d)Frequency-domain image at 1.51
THz
images obtained by slow acquisition mode.
4.6.6 Knife Edge Scanning: Beam Diameter Estimation
One of the methods to measure a beam-spot is to scan a knife-edge across the
beam and the THz generated current. Using the technique, the beam-spot was
estimated to be about 1 mm using this technique.
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4.6.7 Issues
The scanning speeds of the XY stages and the delays stage are the limiting
factors for fast and slow-scan modes in this imaging setup. The other factor
which limits the speed of acquisition is the signal to noise ratio and dynamic
range of the THz-TDS setup. To get a meaningful signal, one has to choose
higher time constant in the lock-in amplifier which increases the acquisition
time exponentially.
Another issue is that of low frequency bandwidth(2THz) from our system due to
temporally broadened femtosecond pulses. This could severely limit the imag-
ing resolution for samples smaller than 50 microns. The beam-spot for the THz
imaging system must be optimized to obtain the best THz images. Because of
the lens misalignment in the THz-TDS setup, the spot becomes broader and is
not uniform. Theoretically, assuming Gaussian beam propagation, a beam-spot
of about 500 microns is achievable with the existing setup in the best alignment.
This number is obtained by computing the minimum focal spot size for the NA
of our system(f-number = 1.42).
In terms of analysis, image resolution can be improved by interpolation and
other image processing methods after acquisition of the raw data.
4.6.8 Conclusion
In conclusion, a THz-TDS system was set up as part of this thesis for THz trans-
mission spectroscopy. The system utilized photoconductive antennas for THz
generation and detection. A LabVIEW program TeraScan was developed to
handle the acquisition of the THz waveform in two different acquisition modes.
Step-capture mode is the standard acquisition mode with high signal to noise
ratio and better absorption sensitivity. Move-capture mode is useful for investi-
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gating the sample for any coarse absorption peaks. Then, along with the demon-
stration of THz signal, the setup was utilized to measure the response of com-
mon materials such as paper, silicon. The developed spectrometer has a band-
width of about 2.5THz, a dynamic range of 50 dB at 0.5THz and high signal
noise ratio(1× 106). As a promising non-destructive imaging technique, THz
imaging was also explored in this chapter. The setup and software, TeraImgur,
were discussed and a few demonstrations of its performance were given with
time-domain and frequency-domain analyses. This additional accessory to THz




Conductively coupled structures for
dispersive transparency in terahertz
metamaterials
This chapter describes the work done on conductively coupled metamaterials as
part of this thesis. The metamaterials were designed, fabricated and character-
ized. Simulations were done to fit the spectral response obtained experimentally
to understand the effects of conductive and inductive coupling.
5.1 Coupling in metamaterials and its importance
The coupling of two resonances in a metamaterial occurs when two resonating
meta-atoms come in close vicinity of each other or touch each other. Coupling
can be classified into capacitive, inductive and conductive coupling. These types
arise due to different structural placement of the resonators with respect to the
incident light’s polarization.
There are numerous advantages of coupling different resonators given as under:
1. Access modes which are not easily excited
2. Narrow Resonance Linewidths
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Figure 5.1: Working Principle for EIT
3. Q-factor tailoring by asymmetry
4. Resonance Hybridization
5.1.1 Electromagnetically Induced Transparency(EIT) and meta-
material analogues of EIT
A very specialised case of coupled metamaterials is represented by metamaterial
analogues of EIT systems. Electromagnetically induced transparency (EIT)[15]
is the phenomenon in which an otherwise opaque atomic medium is rendered
transparent to a weak probe beam in presence of a strong pump beam. This is
illustrated in Fig.5.1. When a resonant probe beam goes through the medium,
it gets absorbed completely. In presence of a pumping beam, the excited state
gets split up into two states analogous to ac Stark shift.
The classical analogues of EIT were first proposed in 2004 by Garrido-Alzar
et al[16]. Since then, many metamaterial analogues have been proposed and
experimentally verified to have slow light behaviour at the EIT-like transparency
peak[17, 74, 18, 75, 76, 77, 20, 78, 64, 79, 80, 81, 82, 83, 84, 85]. Recently,
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the EIT effect was thermally tuned using a superconductor based metamaterial
opening up its application to active slow light [81].
In the past, three different coupling schemes of metamaterial based resonators
have been explored[86]. The first approach involves coupling a radiative res-
onator to a non-radiative resonator.[17, 76, 19, 75, 64, 80, 87] Second approach
couples two radiative structures with different Q-factors at the same resonant
frequency [18, 77, 20, 78, 79]. The last approach involves breaking structural
symmetry and inducing trapped mode resonances using asymmetric resonators
[88, 89].
In all these approaches, the structures have been inductively or capacitively cou-
pled. The basic metamaterial resonators include cut-wire, ring, cut-wire pair and
a split-ring resonator. By altering the physical distances between these paired
resonators, the transparency feature is tuned. This kind of coupling scheme re-
quires precise fabrication of resonators to achieve the right coupling distance.
However, the constraints imposed by lithography are reduced in the case of sin-
gle resonator that exhibits the same effect. This kind of conductive coupling
was examined by Singh et al [19] by coupling bright and dark modes excited in
split-ring resonator pairs with broken symmetry. Liu and Geissen [64] suggest
that the conductive coupling leads to higher splitting between the resonances as
compared to inductive coupling based on a similar design. In case of nanorod
based plasmonic coupling, Habteyes [90] and co-workers showed that a con-
ductively coupled nanorod to a dipolar circular ring resulted in strengthening of
a quadrupolar resonance which was weak under capacitive coupling. Conduc-
tive coupling has been reported to have a dramatic difference in the behaviour
of resonances of dimers enhancing the weak bonding modes. In case of THz
metamaterials, Al-Naib et al fabricated a conductive rod connecting two SRRs
excited perpendicular to the gap showing a sharp resonance attributed to the con-
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Figure 5.2: Previous works on coupling are mentioned in the text here.
ductive coupling [91]. Recently Wang et al [82] used conductively coupled ring
and cut-wire to realise metamaterial induced transparency with very high group-
index. Han et al[85] proposed back-coupled SRRs to achieve ultra-broadband
transparency. All these previous EIT works are summarized in Figure 5.2.
In the present work, therefore, we propose a design which is used to study con-
ductive and inductive coupling of two resonators: a split-ring resonator and a
rectangular ring that are simultaneously excitable. The hybridized resonances
due to conductive coupling lead to EIT-like transmission behaviour which is
controlled using the position of the bar joining the two resonators. We also con-
trast this coupling scheme with inductive coupling wherein the resonators are
physically separated.
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Figure 5.3: (a) SEM micograph of the gold structures on silicon at 30◦ tilt. (b)
SEM micrograph of a single such resonator. The metamaterial structure was
simulated with the following design parameters: a = 38 µm, d = a/2, c = 11
µm, w = 5 µm and h = 4.8 µm. The periodicity of the resonators is 29 and 49
µm in the x and y directions.(c)The proposed structure could be visualized as
a split ring resonator and a dipolar ring. (d) FTIR transmission curves of the
proposed structure when excited by light polarized parallel to the gap(red) and
perpendicular to the gap(blue).
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Parameter Size(µm) Description
a 40 Length of the structure
d 20 Width of the structure
c 0-35 Distance where the bar is located from the top
w 5 Line width of the structure
h 4.5 Height of the structure
Table 5.1: Parameters of the structure simulated
5.2 Simulation and experimental methodology
The proposed structure as shown in the FIG. 5.3(a,b) comprises of a split-ring
resonator and a ring conductively/inductively coupled via a joint side. The sim-
ulations were carried out on a commercial FIT(Finite Integral Time-domain)
electromagnetic solver (CST Microwave Studio 2012). In the simulations, the
metal is modelled as a perfect electric conductor and loss-less silicon was used
as a dielectric substrate. Since the frequency domain solver is computationally
intensive, we have used a substrate of 25 µm thickness.
The structures are fabricated using two different methodologies described be-
low.
1. Gold Sputtering Firstly, double side polished high resistivity p-type sil-
icon (100) substrates were spin-coated with AZ1518 photoresist to give
a thickness of about 1.6 µm. The photoresist mask was prepared by
ultraviolet exposure and subsequent development using AZ400k devel-
oper(diluted 1:4 times with water). Then, gold was sputtered until struc-
tures were 60(< δ) and 200(> 2δ) nm thick. The sacrificial photoresist
mask was subsequently washed away using acetone in an ultrasonic bath.
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2. Gold Electroplating For manufacturing these structures, we utilized pho-
tolithography and radio frequency sputtering for depositing gold. Firstly,
double side polished high resistivity p-type silicon (100) substrates were
deposited with thin gold layer (20 nm) on top of a chromium adhesion
layer (10 nm). This gold layer acted as a seed layer for gold electroplating.
The photoresist mask was prepared by ultraviolet exposure of AZ9260
resist and subsequent development using AZ400k developer(diluted 1:4
times with water). Then, gold was electroplated until structures were 4.8
µm thick. The photoresist was subsequently washed away using acetone,
and the seed and adhesion layers were stripped using gold and chrome
etchant respectively.
5.3 Results and Discussion
5.3.1 Micrographs of the fabricated structures
The final array of the resonators in both methods above was 9× 9 mm2. The
periodicity in the x and y directions were 29 and 49 µm respectively. Structures
with the bar at different positions have been fabricated. Here one of the fabri-
cated gold structures are imaged in SEM, for which the tilted and plane view
SEM images are shown in FIG. 5.3(a,b). In order to understand the coupling
behaviour of proposed structure and to tune the resonances, the parameter c is
varied from zero to a by moving the bar position.
5.3.2 FTIR, THzTDS measurements and Simulation results
All structures were characterized using an FTIR spectrometer (Bruker v/s 66) in
the frequency range of 1 to 4 THz using a Globar source and PE/DLaTGS D201
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detector. Because of the low signal-to-noise ratio in this specific frequency
range, 32 scans were averaged and the samples were characterized in vacuum at
3 mbar.FIG. 5.3(d) shows the measured(body lines) and simulated(dotted lines)
transmission curves of the proposed structure. As shown good agreement be-
tween experimental and simulated results has been obtained for the structure
shown in FIG. 5.3(a,b). Structures with different bar position have been mea-
sured with FTIR and the measured results matches well with the simulated
curves, as shown in FIG. 5.4(Left column). All structures are also measured
by THz-TDS to obtain the phase information. FIG. 5.4(right column) shows
analysis results for the phase advance for structures with different bar positions
accordingly.
5.3.3 Coupling Behaviour
For incident light polarized parallel to the SRR gap, we observe EIT-like trans-
mission behaviour. The transparency window is located at 2.14 THz for the
given structural parameters. When excited by light with polarization perpen-
dicular to the gap, we observe a very broad dip due to excitation of the dipole
along the structure’s length. This kind of polarization dependence of the struc-
ture could be potentially used to tune the slow light behaviour by changing the
polarization angle of incident light.
We examine and compare the electric field and surface current distributions (see
FIG. 5.5) at the three spectral features of interest, namely, A, B and C high-
lighted in the FIG. 5.3(d). At point A, the electric field is concentrated near
the arms of the SRR implying an LC resonance. The surface current distribu-
tion shown in FIG. 5.5(d) also reveals that the current is mainly flowing along
the arms and cross-bar of the structure indicative of an electrically excited LC
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Figure 5.4: Left: transmittance; Right: Phase advance Spectra for different bar
positions highlighted by figures in insets. Experimental spectra(solid) and the
simulation results(dotted) for (a)c = 0(Long Dipole) (b)c = 4 (c)c = 6 (d)c = 12
(e)c = 16 (f)c = 33(Long SRR) in microns.
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resonance. At the next dip C, the electric field is mostly concentrated over the
ring part of the structure where the current is flowing sideways in the dipolar
ring (FIG. 5.5(e)). Near the transparency peak, the electric field appears more
distributed over the four corners of the structure. Interestingly, there are weak
currents in the SRR arms and dipolar ring at both points A and C. These weak
currents are parallel to each other at resonant points A and C. However, at the
point B, we have plotted the distributions at two specific cases viz., B1 and B2.
At B1 in FIG. 5.5(f) , the distribution is plotted at the time when currents in
A and C are strongest. At point B2 in FIG. 5.5(g), the distribution is plotted
when the currents are 90◦ out of phase from A and C. The currents are weak
on the arms and the ring at both phase points B1 and B2. However, on closer
inspection, the currents are parallel at B1 and anti-parallel at B2. The existence
of out-of phase anti-parallel currents from the excitation induced currents at A
and C implies the presence of retarded currents at point B due to coupling. As
a result of coupling, the quadrupolar dark mode corresponding to anti-parallel
currents is excited at the peak.
Based on the study of the field distributions, we can attribute the coupled reso-
nances in the structure to LC resonance of the SRR and the dipole resonance of
the ring. To confirm our hypothesis, we simulated the individual resonances of
the decoupled structures (Shown in FIG. 5.3(c)). The results show that the dif-
ferent resonances lie near the same frequency as the coupled resonances. Hence,
the mechanism behind the EIT-like transmission for our structure is the coupling
between the LC resonance and dipole resonance. In our case, both SRR and
dipolar ring are excitable and thus, should be considered as bright modes. The
coupling between these two modes leads to hybridisation. The dipolar ring is
more difficult to excite as it gets shortened along y-axis and hence has a higher
frequency. In a similar way, the SRR behaves like a dipole when the arms are
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Figure 5.5: (a-c) Electric Field Distributions(EAbs) at A,B and C. The plus and
minus signs indicate the phase of the electric field. (d-g) Surface Current Distri-
butions at spectral features A, C , B1 and B2. The arrows indicate the direction
of currents and the width of the arrows represents the qualitative strength of the
current.
very short and, therefore, assumes a sharp resonance behaviour when the arms
get longer.
In inductive coupling, the tuning of the resonances is achieved by changing the
coupling distance. In the conductive coupling scenario, this kind of tuning is not
possible as they are electrically connected. So, we use the central bar as the tun-
ing element to detune the resonances and their coupling. FIG. 5.4 illustrates how
the spectral transmission changes as the bar is moved from the top to the bottom
of the structure. We notice that the resonance is quite broad when the bar is at
the top (FIG. 5.4(a)) which is attributed to the presence of the dipole resonance
alone. The second resonance dip at 3.5 THz is the higher order even eigenmode
(6 lobes) of the dipole ring. In the dipolar ring structure, the eigenmode cor-
responding to 4 lobes does not exist as it is highly anti-symmetric. However,
the dark mode involving antisymmetric currents (FIG. 5.5(g)) is excited at the
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juxtaposition of the LC and dipole resonances. When the bar is moved to the
bottom (FIG. 5.4(h)), the structure resembles a split ring resonator with 34 µm
length arms. In this case, we observe that the first resonance is red shifted. This
peak however is not within our characterization spectral range (1 to 4 THz )
due to the limited brightness of the Globar source used in the characterization.
We observe the second and third order odd eigenmodes of the SRR at 2.4 and
3.4 THz respectively. The resonances are narrow and explain the high Q-factor
of the SRR structure. As we move the bar, the dipole resonance shows a blue
shift and splits into two resonances that move in opposite directions. This is
expected as the dipole resonance gets excited at a higher frequency as the ring
becomes shorter. The LC resonance undergoes a red-shift due to the increase
in arm length and consequent increase in L and C values. We can see that the
transparency peak develops at 2.2 THz as c is varied from 10 µm to 14.8 µm
shown in FIG. 5.4(d-g).
5.3.4 Comparison between Inductive and Conductive Cou-
pling
To further understand the nature of coupling in these metamaterials, we investi-
gated both inductive and conductive coupling scenarios within our structure by
changing the bar position and mapping the change in S-parameter transmission
amplitudes(refer FIG. 5.6). In the inductive coupling scenario, the resonators
are separated by a 1 µm wide gap. Tuning the resonator gap just weakens the
resonances and a minor wavelength shift is observed. However, if we modify
resonator length keeping the structure’s length constant, significant resonance
shifts are observed. In this way, we can individually examine the resonators and
study their mutual influence when coupled at a distance. As depicted in FIG.
5.6(b), the resonances in the inductive coupling regime show a crossing effect
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Figure 5.6: Transmission amplitude of S-parameters on variation of parameter
c is plotted for two cases (a)Conductive coupling(SRR and ring are connected);
(b)Inductive coupling (SRR and ring are separated by 1µm). A representative
structure is shown for both the cases. We observe that crossover at c = 6 µm is
forbidden in case(a) as against case(b) where the resonances mix.
dissimilar to anti-crossing exhibited by coupled SRRs studied by Singh et al[19]
where a polaritonic mode is excited due to the coupling between bright and dark
modes. This kind of crossover occurs due to the suppression of resonances ris-
ing from different parts of the structure by the predominant dipole resonance
that has low quality factor.
In conductive coupling, the resonators are electrically shorted along the base of
the SRR. One would expect that this coupling would lead to a very strong effect
since it forces the presence of a unidirectional current along the bar. The dipole
resonance merely splits into two separate resonances, one being the sharper LC
resonance and the broad dipole resonance similar to Rabi splitting[19]. We note
that the LC resonance is not strong when c lies between 6 µm to 12 µm in in-
ductive coupling regime. Due to its low Q-factor, the dipolar ring experiences
stronger currents that suppress the inductively generated currents in the SRR.
This leads to suppression of absorption explaining the weaker LC resonance.
When conductively coupled, the presence of opposing inductive current in the
SRR is forbidden. Hence, the LC resonance is enhanced. The second-order even
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eigenmode does not merge with the first order dipole mode when c is in 2 µm to
7 µm in FIG. 5.6(a). This effect is also due to the forbidden transitions disallow-
ing the modes to convert from even eigenmodes to odd eigenmodes. When the
bar reaches the bottom of the structure and c is in the range of 16 µm to 26 µm,
the dipole resonance further transforms into higher order odd eigenmodes of the
SRR. Hence, strong coupling occurs for conductively coupled structures. The
transparency peak for inductively coupled resonator moves in tandem with the
LC resonance, whereas for conductively coupled resonators, the peak is more
balanced between the dipole and LC resonances. This resonance movement is
in consonance with the simulation results obtained by Singh et al[19].
5.3.5 Phase Shift and Time Delay Calculation














where ∆φ is the phase change and Asamp and Aref are the Fourier -transformed
amplitudes for the sample and the reference. L is the length of the metamaterial
and λ is the wavelength of the incident light.
143








Figure 5.7: Wave incident on a metamaterial slab of thickness d. The different
complex transmission and reflection coefficients, S-parameters, are illustrated.







5.3.6 Retrieval of Effective parameters
For a given metamaterial, the simulation based S-parameters can be used to
retrieve the effective medium parameters such as refractive index, permittivity
and permeability(see Fig.5.7). This kind of retrieval for metamaterials was first
proposed by Smith et al[92] in 2002. Then, Chen et al[93] reported a robust
method for retrieval of effective parameters in 2004. Later in 2005, Smith et
al[94] published an article on parameter retrieval for inhomogeneous metama-
terials. For purposes of simplicity, Chen’s method is followed to retrieve the
refractive index and the group index of metamaterial designs discussed above.
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z = ±
√
(1 + S11)2 − S221
(1− S11)2 − S221
(5.3)
exp ink0d = X ± i
√
1−X2, (5.4)
where X = 1
2S21(1−S211+S221) .
For a passive metamaterial, the following requirements governs the signs in the
above equations:
z′ ≥ 0, n′′ ≥ 0, (5.5)
where (·)′ and (·)′′ represent the real and imaginary part operators respectively.
The value of refractive index n can be determined from equation 5.4 as :
n =
[[ln(eink0d)]′′ + 2mπ]− i[ln(eink0d)]′
k0d
, (5.6)
After retrieval of effective parameters[93] and further calculation, we obtained
a modest group index of about 6.5 at 2.1 THz (FIG. 5.8) which indicates slow
light behaviour in the structure. In the same figure, the phase advance for our
design on the right axis shows steep dispersion about 2.1 THz.
We can achieve better group index and dispersion for slow light applications
with further optimization of structural parameters and choice of different res-
onators. Our future efforts would be to apply these conductive constraints to
design metamaterials with tunable and strongly dispersive slow light.
5.3.7 Effect of structure height
The surface roughness as well as the structure height of the structures deposited
was examined by atomic force microscopy(AFM) technique. The effect of
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Figure 5.8: Group index retrieval(red) from S-parameters assuming effective
medium approximation. At the transparency peak of 2.1 THz, the group index
is about 6.5. On the right axis, the phase advance(blue) calculated from S-
parameters is displayed with dispersion highlighted by the shaded region about
2.1 THz.
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Figure 5.9: Increasing/decreasing structure height causes blue shift in the res-
onances: (a)The measured transmission spectra for the structure with c= 12 µm
for different structure height; (b) The position of resonances vs c for different
structure height.
structure height is studied here as it is also an important factor. Structures with
height of 60 nm, 200 nm, 2 µm and 4 µm are fabricated and the transmission
spectra are measured in FTIR. Figure 5.9(a) shows the change in transmission
spectra for different heights for a fixed c=12 µm. When the structural height
changes from 60 nm to 4 µm, the resonance shifts towards blue frequencies.
The resonance positions for different c values are analysed and plotted in Figure
5.9(b).
5.3.8 Polarization Effects
The resonance of the proposed structure is strongly polarization dependent. This
kind of polarization dependence is useful for tuning the resonances by changing
the incident light polarizartion angle. FIG. ?? show the transmission spectra
for varying the angle of incident polarization from 0 − 90◦ in steps of 15◦.
They show that when the incident beam is parallel to the gap, the resonance
is strongest. When the polarization angle of incident beam increases, the reso-
nance weakens and even disappears. Despite of the decrease in resonances, the
resonance position remains the same for different polarization angles. It is noted
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Figure 5.10: Variation of measured transmission with the angle of incident po-
larization for SRR(left) and C0(c= 0 µm)(right).
that as the polarization is rotated, the transmittance changes to that of the dipole
mode.
5.3.9 Reflectance Measurement
Using the Veemax accessory, the reflectance of the metamaterial structures can
be collected at different angles. For checking the reciprocity of transmittance
of our structure, the reflectance was measured at 45◦ as shown in Fig. 5.12. As
observed, the dips are mirrored by corresponding peaks in reflectance spectrum.
5.3.10 Equivalent LC circuit
The proposed structures and its resonances could be understood by modelling
as LC circuit and Lorentzian Oscillators. FIG. 5.13 shows the equivalent circuit.
This is an ongoing work and has been being fitted with experiment results to ob-
tain the parameters for the equivalent circuit. Besides, the evolution of different
parameters with varying c can be also obtained.
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Figure 5.11: Variation of measured transmission with the angle of incident po-
larization for different bar positions:(a)C10 (c= 10 µm), (b)C12 (c=12 µm), and
(c)C16 (c=16 µm)



























Figure 5.12: Comparison of Reflectance and Transmittance for C12(c=12µm).
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Figure 5.13: Modelling of the structure as an LC circuit
5.4 Conclusion
In conclusion, we have proposed and demonstrated, both experimentally and in
simulations, a simple structure involving a split-ring resonator and a dipolar ring
that are conductively coupled to give a coupled resonance with a transparency.
The conductive coupling scheme is stronger than the inductive coupling regime
and forbids the occurrence of cross-over when resonances come closer. There-
fore, by removing the freedom of antisymmetric current excitations, we force
the system to behave in phase along the bar. For tuning the resonance features,
we have proposed the movement of the coupling bar position as a tuning ele-
ment. This class of conductively coupled structures, therefore, opens up new
ways of realising tunable slow light metamaterials.
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Aspect Ratio effects of helical
metamaterials
Metallic helices have been extensively researched and demonstrated for their
application as broadband circular polarizers in different frequency regimes. For
making such 3D helices, two photon lithography (TPL) has been employed in
conjunction with electroplating of metals. Recently, our group has demonstrated
selective silver electroless plating of two photon fabricated polymer (SU-8)
structures on silicon substrate. This procedure allows us to make metal-coated
polymer helices. In this work, these fabrication process parameters are investi-
gated and how their tailoring could lead to higher extinction ratios for circular
polarizers in THz regime (or MIR regime). The role of aspect-ratio of helices
in the polarizing action is further analyzed. Both simulation and experimental
results show the improved performance of the polarizers.
6.1 Introduction
In the past decade, there has been extensive research on chiral metamaterials
with additional emphasis on the helix based metamaterials. Helical metamateri-
als, by virtue of their structure, convert linear polarization of light into circular
polarization. Gansel et al[26] demonstrated gold helices which act as broadband
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circular polarizers. The helices were fabricated using two photon lithography
and gold electroplating. Then, Radke et al[27] fabricated bichiral plasmonic
crystals using two photon lithography and electroless silver plating. However,
since their technique did not have selective coating, both the structures and sub-
strate were coated with silver. To isolate the structure, they employed a compli-
cated procedure to transfer the bichiral plasmonic matrix using an optical fibre to
a fresh substrate. Apart from these circular polarizers, the helical metamaterials
were also utilized to design a broadband waveplate in the microwave frequency
range[95].
In the past, a lot of numerical studies were focused on helices with circular
cross-sectional profile[96, 97, 98, 99, 100, 101, 102]. Different parameters were
investigated including the pitch, radius, unit cell size, turns and the number
of helices. The effects predicted with the help of simulations by Gansel and
co-workers[96] are summarised for the interest of the reader. The variation of
the pitch causes resonance shifts, but these shifts are less dependent on Bragg
resonances as compared to dielectric helices. However, large resonance shifts
result from the variation of helix radius. Tapering of the helix increases the
operational bandwidth of the circular polarizer[103]. More number of helix
turns a flatter band response. Bandwidth, however, reduces with increase in unit
cell size. This reduction is due to the fact that the bands are formed due to
individual as well as coupled resonances. The number of helices per unit cell
has been shown to worsen the extinction ratio in some cases[97] and improves
it in other cases depending on the efficiency of the design[101].
Using antenna theory, the rule of thumb to get maximum emissivity from a helix
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where p(p = 0.73 × 2R) is the pitch of the helix, R is the radius and φ (from
12◦ to 14◦) is the pitch angle.

















where I trLCP and I
in
LCP are the transmitted and incident intensities for left circu-
larly polarized light respectively. RCP transmission coefficient can be defined
in a similar fashion. The Signal-to-Noise Ratio(SNR) of an LCP polarizer can
be defined as :






A similar equation can be used for an right handed polarizer.
Here, the structural features arising due to two photon lithography are used to the
advantage for enhancing the polarization properties of these helical metamateri-
als. The laser spot-size in two photon lithography has an ellipsoidal profile. This
leads to structures with elliptical cross-section profile which were investigated
and compared to the ones with a circular cross-section. The three significant
properties that are investigated in this chapter are the control of vertical spot-
size (h-spot), the tapering of helix due to resist shrinkage and the skin depth
effect of silver plating. These properties are practical issues which affect the
optical response of the fabricated structures. The manufacture and the charac-
terization of these structures is under progress at the time of writing this thesis.
Here, the preliminary fabrication results are presented followed by a discussion
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of detailed simulation results.
6.2 Fabrication
The parametric equations to define the helix for generating the coordinates are
given as under :
x = a cos(t) (6.5)
y = b sin(t) (6.6)
z = t (6.7)















Figure 6.1: Helix trajectory generated using a=b=5µm, t=0.1. The units of the
XYZ dimensions in the graph is in meters.
As discussed at the end of section 7.1, the laser spot-size in TPL has an el-
lipsoidal profile which is utilized here to fabricate helices with elliptical cross-
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Figure 6.2: The process of metal helices fabrication on a silicon substrate: Spin
coating of SU-8 on Si substrate; SU-8 exposure using TPL and development;
Air plasma and then a selective coating of silver on SU-8.
The fabrication process of such metal helices is the same as discussed in Chap-
ter 3. As shown in FIG. 6.2, firstly a SU-8 layer with desired thickness is spin-
coated on Si substrate. Then the TPL system is tuned to have proper laser focus
to have desired h-spot. The structured are written by the PhotonSculptor. After
development SU-8 helices are obtained. To coat only the SU-8 but not the sub-
strate, air plasma is used to treat the sample which prevents the silver particles
from coating on silicon substrate. The dose for TPL is optimized for different
voxel height of the laser beam and different pitch of the structure.
The fragility of helices makes their fabrication exceedingly difficult. In the pre-
vious literature, Gansel[26] and co-workers used a positive resist making it eas-
ier to electroplate the individual helix structures in the resist mould. However,
if one were to use a negative resist, the fabrication is more challenging as the
individual polymer helices collapse easily after the solvent rinse in the develop-
ment. The helices tend to collapse more when the number of turns increases.
It is difficult to make helices with multiple turns, as shown the case of 5 turn
helices in Fig. 6.3.
155
Chapter 6. Aspect Ratio effects of helical metamaterials
1 µm 10 µm 
(a) (b) 
 
Figure 6.3: SEM images of the collapsed helices with 5 turns: (a) Overview;
(b) Magnified image of the lying down helices.
In order to make helices with multiple periods standing upright without collaps-
ing, a good method is to make the helices close enough to support each other,
as shown in Fig 6.4. The structures fabricated using dry lens and oil immersion
lens are compared in Fig. 6.5.
6.3 Simulations
The simulations were performed using a CST Microwave Studio using its fre-
quency domain(FD) solver. The helices were assumed to be made of bulk silver
with the structural parameters as defined in the FIG. 6.6. For simplicity, the
helices are assumed to have rectangular cross-section, making it easier to vary
the dimensions and reducing the mesh complexity. Silver was modelled as per-
fect electric conductor (PEC) since, at THz frequencies, silver acts like a perfect
metal. The helix structure was modelled as a unit cell of 12 µm with periodic
boundary conditions. The substrate was modelled as a loss-less silicon dielec-
tric of thickness 25 µm. A minimum thickness was chosen to achieve converging
results and to reduce the computation time.
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Figure 6.4: SEM images of the standing helices: (a) Tilted overview; (b) Plane
overview; (c) Magnified tilted view; (d) Magnified plane view. Fabrication Pa-
rameters : laser power 50 mW, writing speed 10 µm/s, helix radius = 2.5 µm,
pitch = 5 µm, height = 15 µm. Scale bars are specified on the respective images.
6.4 Results and Discussion
6.4.1 Effect of Voxel height
The voxel (volume pixel) formed by such a process has been researched exten-
sively and empirically[40]. Its structural dimensions have a dependence on the
intensity of light and diffraction resolution. The voxel can have different height
depending on the laser spot size in the vertical dimension. Besides laser power
variation, the control of vertical spot size (h-spot) could be achieved by chang-
ing the numerical aperture (depends on the objective). The Rayleigh range for
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Figure 6.5: Tilted SEM images of a single helix fabricated using: (a) Dry lens;
(b) Oil immersion lens.
Gaussian beam is defined as zR =
πω2o
λ
. Thus, the incident beam waist(ωo) could
also be used for altering the height of the voxel [104]. FIG. 6.7 shows how dif-
ferent focusing conditions can produce different voxel heights and an example
of helices made with low NA objective. The figure on the right shows the SU8
helices with long voxel spot size, with a radius of 5 µm, a pitch of 15 µm using
a h-spot of 6 µm.
FIG. 6.8 demonstrates the difference in simulated transmittances and extinction
ratios when voxel heights are changed when pitch is kept the same. As observed,
the helices with longer spot size have a flatter response and higher extinction
ratios. These helices are better than ones having more or less spherical spot
size because the higher spot size ensures longer interaction between metal and
light. Table 6.1 summarises the bandwidth and the extinction ratios achieved by
helices of different spot sizes.
In Gansel et al[96]’s numerical study, it was observed that multiple turns in he-
lices leads to flatter response for the different polarizations. Here, instead of
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Figure 6.6: Polymer helices coated with silver whose structural parameters are
presented in the table. On the right, the helices with different vertical spot sizes
are shown.
h Spot Size Operable Range(THz) Average Extinction Ratio
1 7-11 ∼ 2
3 8-12 ∼ 6
5 8-13 ∼ 10
Table 6.1: Summary of performance characteristics of helical metamaterial
based polarizers
requiring multiple pitches, helices with longer vertical spot size require just a
single pitch to give a flatter band for light of particular handedness. Therefore,
the advantages for this design are faster fabrication time and more rigid struc-
tures for similar bandwidth and extinction ratios.
6.4.2 Effect of changing pitch
On changing the pitch of the helix to about 8 µm, a similar effect is observed
as depicted in FIG. 6.9. With smaller pitch, the extinction ratios have reduced
but the trend is still the same wherein the helix with longer spot-size(3 µm) has
a flatter band. Table 6.2 summarises the bandwidth and the extinction ratios
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Figure 6.7: On the left, the cartoon illustrates the elliptical voxel (blue) cre-
ated when a low numerical aperture objective is used for fabrication and a more
spherical voxel created due to high numerical aperture objective. On the right,
we showcase some fabricated helices with high voxel height of about 6 µm, ra-
dius 5 µmand pitch = 15 µm.
Figure 6.8: Left: Transmittances of LCP and RCP light based on different spot
sizes for helix pitch, p = 23 µm; Right: Extinction ratios calculated for the
different spot sizes.
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achieved by helices of different spot sizes.
Figure 6.9: Left: Transmittances of LCP and RCP light based on different spot
sizes for helix pitch p =8µm; Right: Extinction ratios calculated for different
spot sizes.
h Spot Size Operable Range(THz) Average Extinction Ratio
1 10-13 ∼ 3
3 7-12 ∼ 2.5
5 8-12 ∼ 2
Table 6.2: Summary of performance characteristics of helical metamaterial
based polarizers
6.4.3 Effect of tapering due to SU-8 Shrinkage
SU-8 polymer tends to shrink during the development part of fabrication. Campo
et al[63] note that it shrinks as much as 7.5% upon cross-linking and outgassing
of the solvent. This kind of shrinkage leads to change in the structure and hence
the optical response. In our case, the helices shrink as seen in the SEM mi-
crograph(FIG.6.10 Left). This kind of tapering was numerically investigated to
understand how it affected the circular dichroism of the structures. FIG.6.10
Right shows the transmittances of light with different handed polarization on
helices with radius ratio of 0.8-1 accounting for up to 20% shrinkage. There is
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Figure 6.10: Effect of tapering due to SU-8 Shrinkage: (Left) SEM micrograph
of the sample of helices with shrinkage; (Right) Simulated transmittances of the
helices with different radius ratios with voxel height 5 µm.
a slight blue shift in the first resonance of the right handed polarized light with
increased tapering. Thus, the change in bandwidth is not very significant(< 5%)
with varying radius ratio.
6.4.4 Effect of Silver Plating on transmission behaviour
Furthermore, using a simulation, the effect of silver plating on transmission
behaviour of metal coated polymer helices as compared to bulk silver helices[3].
FIG.6.11 reveals that that the silver plated helices are as good as bulk helices
without any disadvantage. Silver plated helices have a metal coating of about
200 nm. This coating thickness is considered adequate for THz or mid-infrared
metamaterials which require metal thickness larger than 60 nm (assuming λ =
300 µm) at their operating frequencies. The skin depth is the distance at which
the light’s electric field oscillation reduces to 1/e times of its original amplitude.
Therefore, as long as the metal plating thickness on polymer is greater than the
skin depth of THz light, the metal coated polymer helix delivers light response
equivalent to that of bulk metal helix.
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Figure 6.11: Comparison between bulk and thin metal film coated helices.
There is no significant change in optical response.
6.5 Proposed Characterization
The helices fabricated as part of this study work in the range of 6THz to 15THz
for which characterization with FTIR technique is most suited. The helical
metamaterials will change the polarization of incoming light. This change in
polarization could be investigated using a polarizer-analyzer combination. The
transmission matrices for the polarizers can be obtained by measuring the trans-
mission of the linearly polarized light.
The sources used for characterization in these regimes are linearly polarized
using wire-grid polarizers. So, the linear transmission coefficients, Txx, Txy, Tyx
and Tyy, are the only measurable quantities, where the first subscript indicates
the transmitted field polarization ( x- or y -polarized) and the second subscript
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indicates the incident field polarization. The circular transmission coefficients,
T++ , T−+ , T+− and T−− , where the first subscript indicates the transmitted
field polarization (± , RCP/LCP) and the second subscript indicates the incident












(Txx + Tyy) + i(Txy − Tyx) (Txx − Tyy)− i(Txy + Tyx)
(Txx − Tyy) + i(Txy + Tyx) (Txx + Tyy)− i(Txy − Tyx)

(6.8)
In this way, the circular transmission coefficients can be extracted from exper-
imentally measurable parameters. These coefficients can be easily compared
with our simulation results.
6.6 Conclusion
In conclusion, the vertical spot size of laser in two photon lithography setup
can be used as a tuning parameter for enhancing the polarization properties of
helical metamaterials. When h-spot-size increases from 1 µm to 5 µm, there is an
increase in operational bandwidth by 33% and improvement in extinction ratio
by 5 times. Tapering of helices due to SU-8 shrinkage, however, reduces the
operational bandwidth of the polarizers marginally by about 5%. In addition to
above, the optical responses of the silver coated polymer helices were compared
with bulk silver helices. It was found that they both are equivalent in terms of
their polarizing ability, if coating thickness is greater than the skin depth at THz
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(< 100 nm). The fabrication of these metamaterials is being done and will be
characterized soon to prove these effects experimentally.
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Conclusions and Future Directions
7.1 Thesis Conclusion
To establish a complete platform for investigating THz metamaterials, this thesis
has explored all the different aspects: design, fabrication and the characteriza-
tion. A state-of-the-art two photon lithography system was set up for fabricating
three-dimensional metamaterials. For characterization of terahertz metamateri-
als, the author also developed a custom-made terahertz time domain spectrome-
ter. Further, these setups were applied to investigate two different metamaterial
designs.
To sum up, the following contributions were made during the course of this
thesis :
1. Two Photon Lithography System
2. Terahertz Time-Domain Spectroscopy and Imaging System
3. Conductive vs. Inductive coupling within Metamaterials
4. Aspect-ratio effects in Helical Metamaterials
Using the existing and newly developed facilities, a research platform for THz
metamaterials has been setup that allows us to design, fabricate and characterize
them at the same place. Both setups are composed of experimental hardware and
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specially designed software for effective control. Various problems encountered
during the development of the setups have been discussed as well. The process
of using TPL setup combined with a selective silver electroless plating was op-
timized for fabrication of 3D metamaterials, such as woodpile structures and
helices.
Two research studies have been carried out based on the platform. As an im-
portant coupling mechanism, conductive coupling was studied in detail using a
proposed structure composing of a split ring resonator and a ring coupled via
a joint side. Besides, utilizing the TPL setup and selective silver electroless
plating recipe, silver coated helices with different aspect ratios have been fab-
ricated. Three important effects due to change in the cross-sectional profile,
shrinkage of SU-8 and the thickness of silver have been studied for improving
the performance of chiral metamaterial based polarizers.
7.2 Future Directions
The facilities developed during the course of this thesis can be standardized even
further to achieve optimum results and also can be utilized for new applications.
7.2.1 Two Photon Lithography for 3D metamaterials
Two photon lithography enables fabrication of arbitrary three dimensional struc-
tures. But since TPL is a scanning lithographic technique, metamaterials with
large area are not practically achievable. In order to make two-photon lithogra-
phy scalable, microlens array can be used to form multiple laser foci that can
write multiple structures at the same time. In order to write high-aspect ra-
tio structures, an axicon lens can be used to form a Bessel beam with a long
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Rayleigh range. Our setup can also be upgraded with a galvo mirror system to
enable quicker fabrication of the microstructures.
7.2.2 Helical Metamaterials
Helical metamaterials hold a lot of promise in development of terahertz or mid-
infrared polarizers. The research could be extended towards understanding of
chiral metamaterials and their application for achieving better circular polariz-
ers. Firstly, the aspect ratio effect of helices will be studied experimentally by
changing the different parameters such as pitch size, voxel height. The charac-
terization of helices will be carried out using FTIR. Based on the optimization a
broadband THz circular polarizer will be tested and commercialized.
7.2.3 Active THz Devices and THz Emission Imaging
THz-TDS spectroscopy can be used for characterizing devices based on novel
materials such as graphene and other alternative 2D materials. Graphene has
been identified as having a lot of potential in terahertz applications. Graphene
based active terahertz devices can be pursued as a viable research direction. As
a non-destructive evaluation tool, THz emission imaging can be used for char-
acterization and identification of defects in solar cells. Solar cells are primarily
made of silicon and the defects in the solar cells can lead to drop in charge col-
lection efficiency of solar cell. Hence, there is a necessity to develop charge
transport inspection tools for solar cells. This is where THz emission imaging





In this report, we will discuss the results obtained for the femtosecond pulse
characterization done in OMAD lab. The techniques used is intensity second-
order autocorrelation. Based on this technique, we estimated that the femtosec-
ond pulses are significantly broadened due to the crystals in the light path to
different setups. A pulse compressor is recommended to compensate the pulse
chirp to ensure that the pulses remain the same as the at the laser output port.
A.1 Introduction
Ultrashort pulses are very short bursts of light produced by variety of tricks
like mode-locking and Q-switching. If these pulses are gaussian, they could be
mathematically described by
E(ω, t) = E(t) exp(i(ωt+ Φ(t))) (A.1)
where E(t) is the instantaneous field described by
E(t) = E0 exp(−t2/(τ)2) for gaussian pulse (A.2)
E(t) = E0 sech2(−t/τ) for sech pulse (A.3)
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For two pulses with a constant delay(τ ) mixing together in a doubling crys-
tal(second order nonlinear process), the response recorded by a detector would




|{E(t) exp i[ωt+ Φ(t)]
+ E(t− τ) exp i[ω(t− τ) + Φ(t− τ)]}2|2dt
(A.4)




|2E4 + 4E2(t)E2(t− τ)
+ 4E(t)E(t− τ)[E2(t) + E2(t− τ)]cos[ωτ + Φ(t)− Φ(t− τ)]
+ 2E2(t)E2(t− τ)cos[2(ωτ + Φ(t)− Φ(t− τ))]|dt
(A.5)
Interferometric autocorrelation term in this equation is given by




at coherent superposition. Whereas far from the zero delay, the autocorrelation
term gives
I2(τ →∞) = 2
∫
E4(t)dt. (A.7)
This yields a contrast ratio of 8:1. Intensity autocorrelation is easier to analyze
as compared to interferometric autocorrelation. By scanning the optical delay
fast enough or numerical averaging, one could wash away the fringes leading to








This intensity autocorrelation(second term in the above equation) could be used
to estimate the pulse width. However, the contrast ratio for this term is just 3:1.
If we intersect the beam in a non-collinear fashion, then one can eliminate the




I(t) ∆t I(ω) ∆ω ∆ω.∆t G2(τ) ∆τ ∆τ/∆t
e−t
2 1.665 e−ω2 1.665 2.772 e−τ2/2 2.355 1.414
sech2(t) 1.763 sech2(π
2
ω) 1.122 1.978 3[τcosh(τ)−sinh(τ)]
sinh3(τ)
2.720 1.543
Table A.1: Table listing mathematical results for different pulse shapes
The intensity autocorrelation, A(2)(τ), is a technique to measure the pulse‘s
intensity versus time. It results when a pulse is used to measure itself in the time
domain. The function is realised experimentally by splitting the pulse into two,
variably delaying one with respect to the other, and spatially overlapping both
the pulses in some instantaneously responding nonlinear-optical medium, such
as a second-harmonic generation (SHG) crystal. An SHG crystal will produce
light at twice the frequency of input light with a field that is given by:
ESHGsig (t, τ) ∝ E(t)E(t− τ) (A.10)
where τ is the delay. This field has an intensity that is proportional to the prod-
uct of the intensities of the two input pulses:
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Figure A.1: Principle behind SFG:When two noncollinear ultrafast beams in-
teract in a nonlinear noncentrosymmetric media, their wave vectors add up in
the central direction giving rise to sum frequency signal.
ISHGsig (t, τ) ∝ I(t)I(t− τ) (A.11)
Since detectors (even streak cameras) are too slow to time resolve ISHGsig (t, τ) ,





An (intensity) autocorrelation yields some measure of the pulse length because
no second harmonic intensity will result if the pulses don‘t overlap in time; thus,
a relative delay of one pulse length will typically reduce the SHG intensity by
about a factor of two. For Gaussian pulses, the FWHM of the autocorrelation
∆τA is 1.41 times FWHM of the actual pulse(∆τp) in time domain. For secant
hyperbolic profile pulses, the deconvolution factor is 1.54. Generally, the pulses
from oscillators are approximated as secant hyperbolic pulses whereas those
originating from amplified systems have a gaussian pulse profile.
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Figure A.2: Experimental Setup for measuring intensity autocorrelation
A.2 Experimental Setup
The setup for measuring the intensity autocorrelation of our femtosecond pulses
is illustrated in Fig. A.2. For this experiment, we utilized the 800 nm, 120
fs pulses coming from a Ti: Sapphire laser oscillator(MIRA-900) pumped by
green DPSS(Diode Pump Solid State) CW laser(VERDI V10).The repetition
rate of the oscillator is about 76 MHz and pulse energy is about 15 nJ. The in-
coming beam from the laser port is chopped at 394 Hz and then split into two
arms using a pellicle beam splitter. One of the arms has a mechanical delay line
for delaying a pulse temporally. Both the split beams are then steered through
a sequence of mirrors. The beams are then focused using a planoconvex lens(f
=10 cm) on the BBO(beta-Barium Borate) crystal. The BBO crystal was cut
such that it’s surface was phase matched for generating second harmonic for
800nm wavelength laser beam. Due to the nonlinear interaction at the crystal,
the beams produce second harmonic frequency having violetish color(400nm).
When the two pulses overlap spatially and temporally, they generate a new beam
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Figure A.3: Intensity Autocorrelation for beam direct from the laser. No disper-
sion inducing elements were introduced in the beam path except for the mirrors
and neutral density filters.
with wavevector k⃗3 = k⃗1 + k⃗2. This beam by virtue of sum frequency gener-
ation also has frequency twice that of the incident laser beam. An aperture is
used to eliminate the non-collinear beams containing both first and second har-
monic signals. The new beam is collected by a silicon photodiode(Thorlabs
DET36M) with 30ns response time. After converting the current to voltage
using a transimpedance amplifier(Femto DLPCA-200), the signal is fed into a
lock-in amplifier(SR830) which is set to chopper frequency.
A.3 Results and Discussion
The direct beam without any dispersion inducing elements from laser was mea-
sured using our setup. The result is plotted in Fig. A.3.
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Figure A.4: Measured pulse widths as a function of the position of the prism
BP2 in the MIRA cavity. Three different scenarios are compared where we
have no dispersive components (Nothing ()), AOM(•) and AOM & polarizer
in light path(N).
Figure A.5: Measured spectral widths as a function of the position of the prism




(a) Direct Laser Beam
(b) AOM
(c) AOM and POL
(d) FI,AOM and POL
Figure A.6: Dispersion caused by different components probed by intensity
autocorrelation.The plotted data includes the best results when the pulses are





Figure A.7: Effect of scatter from incident pulses in the autocorrelation spectra.
On introduction of blue filter, the interference fringes are removed.
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Appendix: Two Photon Lithography
B.1 Workflow for Two Photon Lithography
The workflow to operate the TPL system developed in the thesis involves the
following steps.
1. Start the laser and start the air compressor for stages.
2. Enable and home the stages.
3. Check laser alignment through the setup.
4. Load the sample.
5. Locate the laser focus.
6. Fine tune focal plane alignment using the tip-tilt stage.
7. Load the AEROBASIC program into the controller.
8. Set the input laser power.
9. Start the program script for exposure.
10. Wait till the end of exposure; monitor for the changes on camera feed on
TV
11. Continue if needed for next exposure.
178
Chapter B. Appendix: Two Photon Lithography
12. Remove the sample and place it in a dark box.
13. Switch off all equipment.
14. Post processing of samples in the clean room.
B.2 Threshold Calculation
There are a lot of papers focusing on the calculation of the laser power threshold
beyond which polymerization occurs.
dρ
dt
= (ρ0 − ρr, t)σ2N2(r, t) (B.1)
where ρ(r, t) is the density of radicals produced by laser pulses, N(r, t) is the
photon flux, ρ0 is the initiator particle density and σ2 is the effective two photon
absorption cross-section.
Voxel expansion rate of TPL is anisotropic. It grows faster axially than later-
ally. For polymerization to occur, the absorbed light intensity must exceed the
threshold dose(F (L) in units of energy per unit area.)
The threshold dose is given by
F (L) ≤ βI2pNLτ (B.2)
where Ip is the peak intensity of the focused optical pulse; N is the number of
the pulses; τ is the pulse width and L is the thickness of the photoresist.
If ω0 is the radius of the focused laser spot, the Gaussian beam intensity profile
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where Ip0 is the peak intensity at the centre of the Gaussian beam.





































Figure C.1: Design of a typical hyperhemispherical lens
High resistivity silicon hyperhemispherical lenses are regularly employed to
couple THz radiation from THz antenna to free space or vice versa. These
were first introduced by Fattinger and Grischkowsky in their first paper for free
space propagation of THz beams. Without the use of substrate lenses, the gen-
erated THz radiation gets reflected from the back of the wafer trapping it within
the substrate. Typically silicon is well-suited for this application as its refrac-
tive index(n=3.42) is close to that of semi-insulated Gallium Arsenide(SI-GaAs)
wafer(n=3.41) and has very low absorption in the THz region. The lens design
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where h is the height at which lens is cut, R is the radius and n is the refractive
index. In our case R = 5mm, hence h = 7.1mm. Our lenses were supplied as
part of antenna kits from Menlosystems GmbH. Using these lenses, the numer-
ical aperture of the outcoupled beam is about 0.3.
C.1.2 TPX Lenses
TPX lenses have recently been introduced commercially by both Menlosystems,
ZOmega and other THz based companies as alternative for parabolic gold mir-
rors used in traditional far-infrared setups. Parabolic gold mirrors have very
high reflectivity in the terahertz region but suffer from severe alignment issues.
To align parabolic mirrors without any visible signal also makes it very difficult.
Typically, parabolic mirrors by design lead to a larger setup with a non-straight
geometry. Hence, the TPX lenses are highly suitable which are based on high





THz beam  
Figure C.2: TPx Lenses
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C.2 Antenna Alignment
1. Antenna Alignment requires the beam to be positioned at a precise spot
between the transmission lines. This requires you to first coarsely fix the
spot on the antenna centre.
2. The antenna’s output port is connected to the preamp in series with a bias
voltage. The preamp output is then connected to the lock in amplifier. The
chopper must be placed in the antenna’s optical path in order that lock in
amp gets the reference frequency of the modulated optical beam which is
generating the photocurrent in antenna.
3. Ensure that optical power incident on the antenna is less than 10 mW.
4. Also withdraw the focusing lens away from the antenna so that it is broad
beam irradiated.
5. Optimize the beam position on antenna to obtain maximum photocurrent.
You have five major controls, mirror knobs, antenna X and Y and focusing
lens distance from antenna.
6. You should also check the relative positioning of antenna by imaging the
antenna using torch illumination from the side or top.
C.3 Retroreflector Alignment
This is the most difficult part of the alignment and very critical to achieve the
THz-TDS signal. The beam pointing error resulting from the optical delay line
could lead to a non-flat noise floor in a terahertz signal after the pump pulse.
1. Ensure that the incoming beam towards a retroreflector is straight in both
vertical and horizontal directions.
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2. The retroreflector surface must be upright.
3. So when aligning the delay line, you need to check whether the beam
coming out is parallel to incoming beam.




The software TeraScan used for recording terahertz waveforms has capability
of averaging the waveforms depending on the user choice. The user can check
point or scan averaging. Point averaging involves sampling several voltages at a
particular delay stage position. This is suggested to improve the signal to noise
of terahertz measurements.
C.5 Matlab code for extracting spectral data from
time-domain data
%-------------------------------------------------------------------------
% Code name : sample_analysis_tool.m
% Code Written by : Shuvan Prashant Turaga,
% Email : sparshturaga@gmail.com
% Date : 21/04/2014
%------------------------------------------------------------------------
% Converts time domain data to freq domain data and
% plots the transmittance
% and phase advance
% Input required : Reference TD data, Sample TD data
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% Change the parameters as needed such as
% the time domain data truncation
% and frequency region
% Uses export_fig package for exporting figures
%%
close all
% To plot the figures, plotit = 1 or 0.
plotit = 1;
% To save the file with data, filesaved = 1 or 0.
filesaved = 0;
% Get the reference data
[FileNameR,PathNameR,FilterIndex] = uigetfile(’*.txt’,...




% Get the sample data
[FileNameS,PathNameS,FilterIndex] = uigetfile(’*.txt’,...







L = length(data(:,1)); % Length of signal
delnu = 1/(L*T);
delnumax=1/T;
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sA = sampleA(L1:L2);
L = length(tt);
















n = 1 + c./(2*pi.*f’*1e12*500e-6).*sampleP(1:NFFT/2+1);
tg = diff(sampleP)./diff(f’)./(2*pi)*1e-12;
df =abs(f(end)-f(end-1));
ng = n(2:end) + f(2:end)’.*diff(n)/df;
ng = [ng; ng(end)];














% Plot single-sided amplitude spectrum.
subplot(212)
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set(gcf, ’Color’, [1 1 1]); % Sets figure background



































% DD = [f(L1:L2) sampleT(L1:L2) PA(L1:L2) ng(L1:L2)];
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